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ABSTRACT
The mechanism of the thermal decomposition of perfluorobenzoyl peroxide 
in benzene has been investigated in a study of the reaction kinetics and 
product distributions for a series of initial peroxide concentrations, [P]^ . 
The initial thermal dissociation of the peroxide is superimposed on a 
1 .5-order induced decomposition at low [P]^  and on a first-order induced 
decomposition at higher [P]^ . The pentafluorobenzoyloxy radicals which are 
formed from the initial homolysis either attack the solvent or decarboxylate 
to pentafluorophenyl radicals which also attack the solvent, both processes 
forming a-coraplexes. These cr-complexes are responsible for induced 
decomposition in chain propagation reactions.
At low [P]^  chain termination occurs through dimérisation of 
similar o-complexes; at higher [P]^ chain termination occurs by reaction 
of pentafluorobenzoyloxy radicals with o-complexes.
The thermal decomposition of perfluorobenzoyl peroxide in 
chlorobenzene and broraobenzene was investigated. Stabilisation of 
pentafluorobenzoyloxy radicals in these solvents produces high stationary 
concentrations of the corresponding o-complexes. The first-order thermal 
dissociation of the peroxide is superimposed on a first-order induced 
decomposition over the whole [Pj^ range in both solvents.
4  ^-complexes are responsible for the induced decomposition, 
and chain termination occurs primarily through halogen abstraction from 
o-complexes by pentafluorobenzoyloxy radicals.
The perfluorobenzoyl pcr^vtde-fluorobenzene reaction has also been 
studied.
4.
Investigation of the benzoyl peroxide-hexafluorobenzene 
reaction shows the initial first-order homolysis occurring 
concurrently with a 1,5-order induced decomposition.
Phénylation of hexafluorobenzene forms o-complexes which 
are responsible for the slow induced decomposition. Chain 
termination occurs mainly by dimérisation of o-complexes producing 
a high-boiling residue.
Thermal decomposition of diaroyl peroxides in several 
perfluoroalicyclic solvents was studied with the aim of finding a 
group of solvents which are ’’inert-’ to free-radical attack. Reaction 
products were found to be derived solely from the peroxides so that 
radical interaction with the solvents appears unlikely.
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CHAPTER I INTRODUCTION
SECTION A. Benzoyl and Porfluorobenzoyl Peroxide.
Benzoyl and perfluorobenzoyl peroxides may be prepared by the 
action of the respective acyl chlorides on aqueous alkaline hydrogen 
peroxide solution at 0 0^ ,
Both peroxides are stable at room temperature but may decompose 
violently on heating. Benzoyl peroxide is a white crystalline solid, 
which melts at 105.5° with decomposition and it has been the subject 
of investigation since l864 . Perfluorobenzoyl peroxide, which is 
also a wliite crystalline solid, m.p. 79-7 9.3°, is a fairly now compound 
and was first prepared by Oldham^ (1966). In the past few years other 
reports concerning this compound have appeared in the litoraturo^’^ ’^ * 
Benzoyl peroxide is a well established initiator for the 
polymerisation of vinyl monomers and until recently was also used as i 
bleaching agent. Perfluorobenzoyl peroxide lias not yet been exploited 
commercially.
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SECTION B. Tho Thermal Decomposition of Diaroyl Peroxides.
1• General
Early investigations into the thermal decomposition of benzoyl 
peroxide in sand and benzene wore carried out by Brodie (1864) and 
Lippman^ (I886) respectively. Both of these workers found that one 
mole of carbon dioxide was evolved for each mole of peroxide decomposed 
and Brodie concluded that the products of the reaction were derived 
solely from the peroxide and not from reaction with the solvent,
n
Gelissen and Hermans (1925, 1926) systematically studied the 
decomposition of diaroyl peroxides in various solvents (RH) and later 
Boeseken and Hermans^ (1935) showed that the reaction proceeded 
according to the following scheme:
(ArCOO)g + RH
ArH + COg + ArCOOR ..........  (I)
ArR + COg + ArCOOH ..........  (2)
This scheme was called the *RH scheme' and it indicated that
biaryls wore formed only by reaction (2 ) when RH was aromatic. It
also showed that tho biaryls were always of the form ArR in which
the group Ar was derived from the peroxide while the group R was
derived from the substrate. Later work^’"*^ served to verify the
above generalisation. BoBsokens and Hermans did not consider tho
reaction to bo homolytic but a mechanism for the reaction was not
suggested. At very high initial concentrations of the peroxide, small
quantities of the biaryl ArAr may be formed in v/liich both groups are derived 
9 11from the peroxide ’ , However, it must be pointed out that biaryls
RR in which both groups have boon derived from the solvent have 
never been isolated.
10.
12Hey ajid Waters (1937) were the first to provide an
explanation as to tho nature of the thermal decomposition of diaroyl 
peroxides in aromatic solvents and they suggested a free-radical 
mechanism.
(ArCOO)^— ^  Ar. + ArCOQ. + 00^   (3)
Ar- + Ar'H — ArAr ' + H*   (4)
ArCOO. + H. ArCOOH   (5)
The products of the above reactions corresponded with 
path (2) of the 'RH scheme' of Gelissen and Hermans,
Since 1937, several other mechanistic schemes have been 
suggested but the involvement of free-radical intermediates, such 
as aryl (Ar.) and aroyloxy (ArCOO.) radicals, has been established.
Two important points arise from the scheme proposed by 
Hey and Waters. Firstly, the radicals Ar* and ArCOO* do not combine 
to any extent in dilute solutions in most diaroyl peroxide systems 
Secondly, the abstraction of hydrogen atoms by Ar. radicals does
not occur since this would lead to the symmetrical biaryl, ArAr,
The most important reaction of aryl radicals, derived from 
diaroyl peroxides, with aromatic substrates is substitution and 
this is shown in equation (4), However, as will be seen later, 
hydrogen is not liberated.
11,
2. The Thermal Decomposition of Diaroyl Peroxides in Polyfluorinated 
Aromatic Solvents.
In recent years the introduction of novel techniques of
fluorination has enabled many polyfluoroaromatic compounds to
13become commercially available. McBee, Lindgren and Ligett (194?)
first reported the synthesis of hexafluorobenzene by the defluorination
of C^BrCl^F^ with zinc dust, CgBrCl^F^ had previously been prepared
by the action of BrF^ and SbF^ on hexachlorobenzene, Since then
l4 15 l6hexafluorobenzene has been prepared by several other methods * * .
Following the synthesis of hexafluorobenzene a whole series of new 
polyfluoroaromatic compounds were prepared.
The powerful inductive effect (-1) of the six fluorine atoms 
in hexafluorobenzene* cause the nuclear carbon atoms to be highly 
electropositive and the compound has not yet been observed to react 
with electrophilic species. However, fluorine can be displaced from 
hexafluorobenzene as fluoride ion by strong nucleophilic reagents 
(e.g. MeO , NH^“ etc,,) and polyfluoroaromatic compounds, in general, 
are found to be readily attacked by free radicals. Few examples of 
homolytic displacement of fluorine from an aromatic ring have been 
reported. The photochemical addition of clilorine to hexafluorobenzene 
and pentafluorobenzenc to give the corresponding hexachloropolyfluoro-
12.
17cyclohexanes has been reported by Godsell, Stacey and Tatlow (1956)
and Nield, Stephens and Tatlow^^ (1959). This photochemical addition
of chlorine is thought to occur via a free-radical mechanism.
The homolytic arylation of hexafluorobenzene with phenyl and
substituted phenyl radicals derived from diaroyl peroxides was first
19reported by Claret, Goulson and Williams (1965) and subsequently by
Fields and Meyerson^^ (1967). In the earlier work, benzoyl peroxide
was allowed to thermally decompose in boiling hexafluorobenzene for
72 hours and after this time the following reaction products were
either isolated or detected; 2,5,4,5,6-pontafluorobiphenyl (76#),
benzoic acid, benzene and residue.
Similar reactions were also investigated using the following
substituted diaroyl peroxides as tho radical sources; m-methyl*;
m-chloro- and m-bromobenzoyl peroxides. These reactions also gave the
A
correspond..ing biaryls as the main products of the reaction although 
the respective yields were reported to be lower than the yield of 
2,5,4,5,6-pentafluorobiphonyl obtained in the reaction with benzoyl 
peroxide. Small amounts of the corresponding carboxylic acids and 
arenes were also formed in these reactions (i.e. m-toluic, m-chlorobenzoic 
and m-bromobonzoic acids together with traces of toluene, chloro- and 
bromobenzenes).
Oldham (1966) carried out further investigations into the 
benzoyl peroxide-hexafluorobenzene reaction and found that the yield 
of 2,5,4,5,6-pentafluorobiphenyl depended on the conditions of 
distillation required for separation of the biaryl from the product 
mixture. For example, he found that by carrying out a distillation of 
the reaction products at 76O mm and 500°, instead of 0,01 mm and 100-120°,
13.
the yield of the biaryl increased by 42#. Table 1 illustrates the 
variation of the yield of 2 ,3 ,4 ,5 ,6-pentafluorobiphenyl with the 
conditions of distillation for effective biaryl separation^
Table 1
Variation in yields of 2,3,4,3,6-pentafluorobiphonyl 
with isolation technique
(For benzoyl peroxide (1,21 g) in hexafluorobenzene (9.3 g) at 80°C)
Method of Isolation
Yield of pentafluoro- 
biphenyl
(mole/mole peroxide)
Distillation at 200°/l5 ram Hg (in air)^^ 1.52
21Analysis by Gas Chromatography 0 .8 8
2
Results obtained by Oldham
(i) Isolation by crystallisation with 
no distillation 0.52
(ii) Distillation at 200°/l5 mm Hg (in air) 0 .8 0
(iii) " at 300°/ " 0 .9 2
(iv) " 100-120°/0.01 mm Hg (in N^ ) 0.48
(v) ” 100-120°/0.01 mm Hg (in air) 0 .68
(vi) " 100-120°/0.01 ram Hg (in 0^ ) 0.64
This led him to believe that pyrolysis an 1 subsequent breakdown 
of the reaction residue was resulting in tho increase of the biaryl 
yield and tliis suggested that the reaction residue was of the 
following structure (II):
F F
Ph
2
(I)
14.
(6)
(II)
Heat
(7)
(I) is the species obtained following the homolytic arylation of
a hexafluorobenzene molecule by a phenyl radical and is a phenylhexa-
fluorocyclohexadienyl radical or ”a-complex''. -complexes are considered
2
in more detail later. Oldham also looked at the thermal decomposition
of benzoyl peroxide in chloropentafluorobenzene, broraopontafluorobenzene
and nitropentafluorobenzene and observed that the main products of those
reactions were the biaryls C^H^.C^F^X (where X = Cl, Br or NO^). Owing
to the lower symmetry of these solvents, all three isomeric biaryls were
present in each case. Eaoh reaction also produced significant quantities
of benzoic acid and in the nitropentafluorobenzene reaction, 2,3,4,5,6-
pentafluorobiphenyl formed up to 3% o f the total biaryl yield.
22
Oldham, Williams and Wilson (1970) have made a study of the 
thermal decomposition of benzoyl peroxide in 1,2,4,5-tetrafluorobenzene, 
pentafluorobenzenc, bromopentafluorobenzene and pentafluoropyridine and 
also in equiraolar mixtures of the following pairs of solvents: 
hexafluorobenzene : benzene, hexafluorobenzene : chloropentafluorobenzene 
and bromopentafluorobenzene : benzene. The phénylation of these 
solvents gives mixtures of isomeric products which are consistent with
25
the phénylation mechanism proposed by Claret, Goulson and Williams 
(1968) in which the rate-determining stage in the homolytic 
substitution process is the addition of phenyl radicals to the polyfluo­
rinated nuclei to give o-complexes leading to substitution at the 
various nuclear sites.
15.
3. The Thermal Decomposition of Porfluorobenzoyl Peroxide in Aromatic 
Solvents,
Oldham^ (I96Ô) was the first to synthesise this compound and he 
subsequently studied its thermal decomposition at 80.0°, in the 
following aromatic solvents; benzene, hexafluorobenzene, chlorobenzene, 
bromobenzene and nitrobenzene.
The object of this work was to discover the nature of the products 
formed in these reactions. Kobrina and Yakobson^ (1968) gave the first 
account of perfluorobenzoyl peroxide in the literature and also 
described some of its reactions in benzene, hexafluorobenzene and 
octafluoronaphthalene, Although they reported that 2,3,4,5,6-penta­
fluorobiphenyl, phenyl pentafluorobenzoate, pentafluorobonzoic acid 
and residue were products in the reaction with benzene, their claim 
that biphenyl was also a product in yield appears very doubtful. In 
hexafluorobenzene, their description of traces of decafluorobiphonyl 
as a product and substantial amounts of oily residue are in complete 
agreement with the earlier work of Oldham. Tho thermal decomposition 
of this peroxide in octafluoronaphthalene produces similar results to 
those obtained with hexafluorobenzene. Burden, Campbell and Tatlow^ (1969/ 
have also reported the thermal decomposition of perfluorobenzoyl peroxide 
in benzene and their results are in good agreement with those of Oldham
and also those obtained in this present work. A recent report by 
Oldham and Williams^ (1970) describes fully the initial work performed
on this compound.
Oldham and Williams have observed that in the decomposition of 
this peroxide in benzene the follo’wing products are obtained; penta- 
fluorobenzoic acid, phenyl pentafluorobenzoate, 2,3,4,5,6-pentafluoro­
biphenyl and residue while the decomposition in hexafluorobenzene has
16.
resulted in only trace quantities of decafluorobiplicnyl being formed 
together with large quantities of oi^ residue. Burden, Campbell and 
Tatlow also observed that pentafluorophenyl pentafluorobenzoate was 
a product of the porfluorobenzoyl peroxide-benzono reaction and this 
observation has been confirmed in this work. Oldham and Williams 
have reported that in the reaction of perfluorobenzoyl peroxide with 
chloro- and bromo- benzenes, the main product of these reactions is 
the ester, phenyl pentafluorobenzoate together with moderate yields 
of pentafluorobonzoic acid and residue. Only trace quantities of the 
corresponding chloropentafluoro- and bromopentafluoro- biphenyls have 
been detected in these reactions and this is in marked contrast to 
the reaction of this peroxide in benzene where 2,3,4,5,6-pentafluoro­
biphenyl and pentafluorobonzoic acid are the main products. Also 
phenyl pentafluorobenzoate and pentafluorophenyl pentafluorobenzoate 
are formed in small amounts. The above workers have also reported that 
in the reaction of this peroxide with nitrobenzene, the main reaction 
products are pentafluorobonzoic acid together with a mixture of the 
isomeric nitropentafluorobiphonyls, 2,3,4,5,6-pentafluorobiphenyl and 
residue,
4. The Pentafluorophenyl Radical.
Tho first report of pentafluorophenylation by this species 
was by Birchall-, HeJJpldine and Parkinson^^ (1962). It lias been known 
since 1957^^ , that when aryl hydrazines are oxidised in non-aqueous 
solvents, they give rise to aryl radicals and in aromatic solvents 
such oxidations result in the formation of biaryls by the well
26established process of homolytic aromatic arylation.
Birchall, Hc^eldine and Parkinson have reported that the 
oxidation of pentafluorophenyl hydrazine with silver oxide in benzene
17r
at 0-10° has resulted in the production of 2,3,4,5,6-pentafluoro­
biphenyl (63/0 together with quantitative evolution of nitrogen-, 
Pentafluorophenylhydrazine, under oxidising conditions,
reacts with metallic mercury, mercuric oxide and halides to form
27bis(pentafluorophenyl) mercury , This compound is a source of 
pentafluorophenyl radicals when photolysed or pyro^^sed under neutral 
non-oxidising conditions and serves as a useful method for preparing 
compounds containing pentafluorophenyl groups, Tho thermolysis of 
pentafluorophenyl benzene sulphonyl chloride in boiling tetra- 
chlorobenzenes has also resulted in pentafluorophenylation of these
28solvents by pentafluorophenyl radicals •
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SECTION C. Tho Kinetics and Mechanism of the Thermal Decomposition 
of Diaroyl Peroxides.
1, The Kinetics of the Decomposition of Benzoyl Peroxide.
Brovm (1940)^^ first investigated the kinetics of the thermal 
decomposition of benzoyl peroxide in organic solvents and he followed the 
rate of evolution of carbon dioxide. He stated that the reaction could 
be expressed by the following equation:
- ^1 3 . = [P] + kg [PjZ   (8)
where [P] represents the peroxide concentration at time t, and k^  
and kg are respectively first and second order rate constants. The 
approximately first-order process was attributed to the primary 
unimolecular dissociation of the peroxide into two benzoyloxy radicals 
.and this process was found to require an activation energy of about 
30 kcal/mole.
Free radical "scavengers” were later used to inhibit any furthc_
reactions of tho benzoyloxy radicals produced by the thermolysis and 
30Ba%m and Mellish (1951) used the highly coloured compound diphenyl 
picryl hydrazyl (DPPH) as a "scavenger” to follow the decomposition 
spectroscopically. DPPH quantitatively reacted with the benzoyloxy 
radicals produced by the thermolysis so that the rate of decomposition 
of the peroxide was entirely due to the primary unimolecular cleavage.
Plammondet^  (1950-51) provided sound evidence for
the fission of benzoyl peroxide into two benzoyloxy radicals. In a 
series of experiments, the above workers allowed benzoyl peroxide to 
decompose in moist carbon tetrachloride containing iodine as a 
"scavenger"•
19.
Horaolysis of tho poroxy bond to form two benzoyloxy radicals 
was shown to occur since two moles of benzoic acid were obtained for 
every mole of benzoyl peroxide decomposed, Hammond proposed the 
following route:
(PhCOO)g  > 2PhC00. ...I.., (9)‘
PhCOO- + Ig ----— ^ Ph'COOI +1*   (10)
P h . C O O I . H g O ------ > Ph.COgH.HOI   (11)
2 1.  > B    (12)
In tliis reaction at least it was evident that decarboxylation in 
the primary unimolecular decomposition did not occur and that reactions 
of the following type could be neglected,
(PhCOO) g ----- > PhCOO. + Ph. + COg  ........ (13)
Nozaki and Bartlott^^ (1946-7) carried out a comprehensive 
investigation into the kinetics of the thermal decomposition of benzoyl 
peroxide in a range of both aliphatic and aromatic solvents and 
demonstrated that there was in addition to the unimolecular thermal 
decomposition of the peroxide, an induced decomposition which was caused 
by radicals either derived from the peroxide or from the solvent (PH).
Peroxide P ----- > 2 R'.   (14)
R'. + P —  Products + R*.    (15)
R». + R' •   > R' Ri   (16)
R*. represents a radical derived either from the peroxide (aryl or 
aryloxy) or by hydrogen abstraction from the solvent (R.). Termination 
of the reaction was considered to occur by recombination of tho radicals.
20.
Tho following equation was found to represent the above reaction
scheme :
-d [P] = k, CP] + [P]1"5   (17)
dt '
1 5where k  ^[P] represents the contribution of tho induced decomposition.
I
It is found that in most aromatic solvents the fraction of benzoyl
peroxide which decomposes by the induced mechanism is small and that for
the reaction in benzene at 80° it only reaches about 20/u for an initial
35concentration of 0.01 Molar ,
"7^
Cass (1946) suggested that this observation would be expected 
if the radicals derived from the peroxide and the solvent were similar. 
Nozaki and Bartlett postulated that if the aryl or aryloxy radicals 
were being removed by reaction with the solvent to form an unreactive 
radical,
Pv'. + RH > R*H + R. (unreactive)    (l8 )
37then Brown's original ld.notic expression for the decomposition would 
be correct.
Such a postulate makes no allowance for the formation of the 
unsymractrical biaryl which inevitably occurs in those types of reactions.
No significant quantities of the symmetrical biaryls, RR, have been 
isolated from tho reactions of diaryl peroxides in benzene and simple 
benzene derivatives. This scheme and the scheme of Cass are therefore 
not truly representative of these reactions.
Gill and Williams^^ (1965) have reported a detailed investigation 
into the ld.nctics and products of the reaction of benzoyl peroxide 
in benzene at over a wide range of initial peroxide concentrations.
They found that the reaction could be expressed by the equation:
21.
-cl [P] = kTP] + k • [P] + k _ [P]1"5   (19)
dt  ^ ^
where P is the peroxide and k^  and k^’ are first-order rate constants
while k r is a 1.5 - order rate constant. The term k represents the 1.5 I
primary unimolecular dissociation of the peroxide while k^’ represents
a first-order induced reaction. The final term k  ^represents a 1.5 -
I
order induced reaction. The nature of the induced decomposition of the 
peroxide is dependent on the type of termination reactions of the 
radicals and will be discussed more fully later on in this introduction. 
Gill and Williams (1965) also suggested that since the o-coraplcx 
was such a stable entity, the major part of the induced decomposition 
probably arose from its interaction with the peroxide.
22.
SECTION P. The Mechanism of Arylation with Diaroyl Peroxides
The mechanisms of the arylation of aromatic substances has been 
made clearer by kinetic analyses and there is evidence that benzoyl 
peroxide, for example, decomposes by a two-stage process:
(PhCOO),
PhCOO-
2PhC00<
Ph* + CO.
(20)
(21)
Both phenyl and benzoyloxy radicals are present in the reaction 
mixture throughout the decomposition and attack at a site in the aromatic 
nucleus is possible by either of these two species,
Aroyloxy radicals, however, are found to be less reactive than 
aryl radicals although the isolation of small amounts of the mixed 
esters has confirmed the existence of the aroyloxylation reaction.
De Tar and Iloward^  ^(1955) have provided very conclusive evidence 
that free phenyl radicals do have an independent existence in solution? 
although it is fairly short-lived. The optically active peroxide (III)
was allowed to thermally decompose in benzene and it was found that 
although the intermediate radical (IV) can rotate about the internuclear 
bond, the o-terphenyl product (V) retains optical activity to the extent 
of 25 - 50^ .
Me
NO, COO
(III)
Me Me
NO.
(IV)
NO. Ph
(V)
23.
1 , The Arylation Process
There are three ways whereby the arylation process may proceed: 
(a) The Abstraction-Addition Mechanism
In this mechanism, the aryl radical, formed from the peroxide 
decomposition, abstracts a hydrogen atom from the substrate cmd then 
there is a subsequent recombination of the aryl radicals:
  (22)Ar. + Ar’H ArH + Ar'.
Ar’ Ar' (23)
Since only unsymraetrical biaryl of the type Ar'Ar is found in 
these reactions, this mechanism must therefore be disregarded.
(b) The Addition-Abstraction Mechanism
The aryl radical adds to the aromatic substrate and forms a 
fully-bonded transition state (a-complex). A hydrogen atom is then 
subsequently removed.
Ar. + Ar’H
Ar
Art/"
N-H
(o-complex)
(24)
Ar j 
Ar'/ '• + R« 
H !
Ar' - Ar + RH (23)
R", represents a radical which is capable of removing a hydrogen atom.
(c) The Synchronous Mechanism
In this mechanism it is considered that the addition of the 
aryl radical to the aromatic substrate and the subsequent removal of the 
hydrogen atom occur synchronously via a partially bonded transition state
Ar.  --- Ar'   H    (26)
This reaction mechanism is considered to be unlikely in view of 
the formation of such products as p-quaterphenyls and also since it 
does not exhibit an isotope effect.
24.
Scheme (b) is the only one which is consistent with the experimental 
evidence provided the addition of the aryl radical to the aromatic 
substrate is not^reversible.
2. The o-complex and the Formation of the Residue
In some of tho early theories, molecular hydrogen was thought 
to have an independent existence in solution but since it has never 
been detected as a product of the reactions of diaroyl peroxides with 
aromatic solvents, it is believed to be removed from a-coraplexes by 
other radicals.
Walling^^ (1957) and Lynch and Pausacker^^ (1957) both postulated 
the existence of the intermediate a-complex which is formed by the 
addition of a phenyl radical to a benzene molecule. The a-complex (VI), 
or phenylcyclohexadienyl radical, is in fact a resonance stabilised 
species which can be represented;
Ph H Ph H Ph H
(VI)
Radicals such as the benzoyloxy radical raay serve to act as oxidising 
agents in the abstraction of hydrogen from these species.
+ PhCOO, ---- > PhPh + PhCOgH   (27)
Recent e.s.r. spectroscopic work by Dixon and Norraan^  ^(1965) 
has provided evidence of substituted cyclohexadicnyl radicals existing 
in other systems.
25.
The thermal decomposition of diaroyl peroxides in aromatic solvents
is usually accompanied by the formation of large amounts of high-boiling
residue. This residue has been found to consist chiefly of derivatives
of tetrahydroquaterphenyl and terphenyl. Any mechanistic scheme for this
type of reaction must consider the way in which this residue is produced.
Initially, the residue was thought to be the result of the further
7 12arylation of the biaryls already produced in the reaction ’ but later 
it was realised that the dimérisation of the o-complexes, formed by 
arylation of the aromatic substrate, would give isomeric tetrahydroquater- 
phenyls (VII, VIII and IX).
Ph
(VII)
Ph II
II Ph
(VIII) (IX)
Dehydrogenation of the above stereoisomers gives the corresponding 
quaterphcnyl derivatives and p-quatorphenyl together A^dth p-terphonyl
7
have been isolated from the reaction of benzoyl peroxide in benzene ,
p-Terphonyl is known to be formed by the phénylation of biphenyl 
which has been shoivn to contain two nuclei from the peroxide and one from 
the solvent. The decomposition of benzoyl peroxide in benzeno-1-C 
gives a small quantity of p-terphenyl containing only one labelled 
benzene nucleus and also a small amount of pp'-quaterphcnyl containing 
only two benzene nuclei derived from the peroxide
26.
Evidence has also boon given for the disproportionation reaction
kkof a a-complex to give 1,4-dihydrobiphenyl (X). The same workers,
De Tar and Long, also isolated an isomer of totrahydro-p-quaterphcnyl (XI) 
from the reaction of benzoyl peroxide in benzene:
Ph /:X + PhPh (28)
......  (29)
(XI)
45Further work by De Tar, Long and Rondleraan and also by Hey, Perkins 
and Williams^^ (19&5 ) has served to verify and enlarge upon the earlier 
results of De Tar and Long, The above groups of workers have been able 
to isolate all three isomeric quaterphonyls from the benzoyl peroxido- 
benzene reaction and also 1,2-dihydrobiphenyl has been detected.
The experimental evidence indicates very conclusively that aryl 
cyclohexadionyl radicals are present as intermediates in the reactions 
of diaroyl peroxides in aromatic solvents amd that they participate not 
only in the arylation procedure but also in the formation of the residue,
3. The Induced Decomposition
The induced decomposition which occurs in the reaction of diaroyl 
peroxides with aromatic solvents is able to influence the kinetic 
results obtained from such experiments. It is found that at high initial 
peroxide concentrations, the induced decomposition is responsible for 
the increases in the apparent first-order rate constants and also the
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reaction rate is found to increase on the addition of free-radical 
sources. However, when oxygen or inhibitors such as quinones are present, 
the reaction rate decreases.
The kinetic order of the induced decomposition is dependent on the
nature of the termination reactions and will bo discussed later. Since
it is found that the induced decomposition has a lower activation energy
than the unimolecular hemolytic cleavage of the peroxy bond, its
significance increases at lower temperatures.
47Augood and Williams (1957), investigating the nature of the 
induced decomposition, formulated a scheme for the attack of peroxide- 
derived radicals on other molecules of peroxide for the reaction of 
benzoyl peroxide in aromatic solvents:
Ph. + (PhCOO)g ----- > PhCOOPh + PhCOO...........  (30)
PhCOO.+ (PhCOO) g  > PhCOOPh + PhCOO. + CO^ ___  (31)
It can bo seen from this scheme that phenyl benzoate would be 
expected to be a major product of the induced decomposition. Later work
48by Davies (1958) indicated that the yield of phenyl benzoate was far 
less than that calculated from kinetic data for the induced reaction and 
also it was found that the yield of the ester did not increase with 
increasing initial peroxide concentration.
Gill and Williams (1965) suggested that the induced reaction is 
in the main due to attack on the benzoyl peroxide molecule by a a-complex 
since the stationary concentrations of phenyl and bcnzoyloxy radicals 
are very low,
[PhPhH] . + (PhCOO) 2 — PliPh + PhCO^H + PhCOO. ...  (32)
[PhCOOPhH]. + (PhCOO)^ — PhCOOPh + PhCO^H + PhCOO. ,., (33)
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The stationary concentration of a-complexcs in the reaction is 
much greater since these species are much more stable than the correspond 
phenyl and benzoyloxy radicals. The yield of phenyl benzoate is found 
to be independent of the initial peroxide concentration and tliis is in
49accordance with this proposed scheme ,
4, The Dependence of the Kinetics on the Termination Reactions.
If an assumption is made that the attack of a a-complex on a 
molecuJ.o of peroxide is chiefly responsible for the induced decomposition 
then it is possible to describe three kinds of termination process:
(a) 1,5 - order Induced Decomposition
k.
Initiation :
(R-+ Ar’X
k.
Propagation: (
(
Termination:
a- + P
2 a.
Products + R.
Products
(3'+)
(35)
(3S)
(37)
where P is a diaroyl peroxide; R*is a radical derived from the poro}i 
ArCOO" or Ar* ; j\r*X is the aromatic solvent; a* is the aryl or aroyloxy- 
cyclohexadienyl radical; k^, k^ etc., are the respective rate constants 
It is possible to calculate the concentrations of the radical 
intermediates making the usual steady-state approximations.
= 2 k^[P] + kj[P][a.] - kgCE.JCAr'X] = 0
= kgCEJCAr'X] - kj[P][a ] - = 0
Adding equations (38) and (39), we have:-
2 k^ [P] - k^Ca.]^ = 0
[a.] = 2 k^  [P]
0.5
(38)
(39)
(40)
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The rate of decomposition of the peroxide is given by;-
= k ,[P ] + k , [P ] [o . ]  ■   (41)
dt ^
= k^CP] + k j[2  k ^A ,^ ]° -5 [p ]''-5    (42)
This demonstrates that any termination reaction which involves the 
dimérisation of e-complexes will give rise to 1.5-order kinetics for 
the induced decomposition.
(b) First-order Induced Decomposition
If a scheme is considered whereby the termination process inv<^ " - o- 
combination of two unlike radicals (e.g. a o-complex and an aroyloxy 
radical) then a first-order induced reaction can be formulated:-
kp.
R. + O' -- --- > Products   (45)
= 2 k^[P ] + k j [P ] [a . ]  -  k^CHOCAr’ X] -  k ^ [R .3 [a .] = 0  . . .  (!:';•)
= k ,[H .] [A r 'X ] -  k , [P ] [a . ]  -  k , [E .3 [o .] = 0    (45)
d t 2 3 5
Add (44) rjid  (4 5 ):-  
2 k^[P3 -  2 kg[E.3[d.3 = 0
[R.3 = k [P3
ig-'i;:] .......
Substituting in (45) and rearranging;-
k^k^Co.]^ + k^k^Co.] - k^k^CAr'X] = 0
therefore; [a»] = Constant, k*   (4?)
Since [Ar’X] is present in such a largo excess, it may be taken to be 
effectively constant. The rate of disappearance of peroxide is given b;
= k^[P3 + k^[P3Ca-3   (48)
the re fo re : ■ = k^[P3 + k^k'[P3   (49)
This is indicative of a first-order induced decomposition.
/ X 3 0 .
(c) 0.5 - order InducedPecomposition
This type of kinetics can be formulated from a termination reaction 
in which radicals derived from the initial peroxide hemolysis combine.
V
2 p. ----— > Products .......  (50)
= 2 k^[P] + kj[P][a-] - kgCR.nCAr'X] - kg[R-]^ = 0 .... (51)
= kgCROG/ir'X] - kj[P][c<] = 0    (52)
Adding (51) and (52)
2 k^[P] - kgCR = 0
therefore:- [R*] = 2 k^  [P] 0.5 (53)
Substituting in (52) and rearranging:-
Co.] = k" [P]"°*5   (54)
The rate of decomposition of peroxide is given .* •—
= k^CP] + kj[P][o.]   (55)
= k^[P] + kjk" [P]°a   (56)
This indicates an 0.5-order induced decomposition.
The occurrence of the 0.5-order induced decomposition in diaroyl 
peroxide-aromatic solvent systems is very rare due to the very low stationary 
concentration of radicals (!?•) compared to radicals (o*).
The 1,5-order induced decomposition is the most common for these 
systems and the first-order induced reaction is to be expected at high 
initial peroxide concentrations'where the stationary concentrations of 
benzoyloxy radicals and o-complexes are much greater,
5. Correlation Between Kinetics and Theory.
Godin^^ has derived a function which is defined as the
fraction of the initial molar concentration of peroxide which decomposes
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by the unimolecular thermal fission. The .object of deriving was in 
order that a quantitative correlation could be made between the observed 
reaction kinetics and the molar yields of the reaction products.
f  = 2 [ k C p ] ° - 5  - i„ (1 . k C p ] ° - 5  ... (57)
0
where K = k^  and [P]q is the initial molar peroxide concentration.
Equation (57) applies to a reaction where the induced decomposition 
of the peroxide is 1.5-order. However, in the case of a first-order 
induced decomposition, the value of j- is given by the following equation:
' ......
where k^  is the rate constant for the primary unimolecular thermal 
dissociation and k^’ is the rate constant for the first-order induced 
decomposition•
Derivation of the Function, ^
(i) First-order Induced
A first-order induced decomposition may be expressed by the 
following rate equation:
= k^[P] + k^'[P]   (59)
= (k^  + k^')[P]
^  , the fraction of peroxide decomposing by the primary mechanism is:-
' ■ ttV   <“>
Since this expression is independent of the peroxide concentration 
at any instant, it is therefore constant throughout the reaction.
(ii) 1.5-order Induced
A 1.5-order induced decomposition may be represented as follows:
- ^ =  k ^ m  +   (6 1)
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In this case the fraction of peroxide decomposing by the primary mechanism 
at a time t is dependent on the peroxide concentration at that instant,
If [P]j is the concentration of peroxide decomposing by the initial 
primary mechanism then:-
= k.[P]   (62)
dt
Dividing this equation by equation (61):-
k CP]
itpT =   r r -    (63)
k^cp] +
which can bo expressed:-
dtp] 1 ^ ° ......
where K = ^
Equation (64) is an expression for the fraction of peroxide 
decomposing by the unimolecular primary mechanism during a small element 
of time. Therefore,^ , can only be obtained by integration of equation (64) 
since it refers to the fraction of the initial peroxide that will have 
decomposed by the initial primary mechanism when all the peroxide has 
completely decomposed.
Integrating from [P] = [P]^ to [P] = 0,
j = J  - = [p] *   (65)
CP]^ [p] 1 + K[P]°‘3
[P]^ * represents the concentration of peroxide which has decomposed by 
the primary mechanism over the total reaction period [i.e. from [P]q to 0].
Using the substitution y = 1 + K[P]^'^, equation (65) can be 
integrated to give:-
f = 2 1-
m  = -p I.KtP]b^ - 1n(1 + K[P]5  ^)'|   (66)
o K'^ Cp] ^
In the induced decomposition, radicals are neither created nor 
destroyed, so that the number of radicals which are consumed in the 
termination reactions must equal the number which are produced by the 
primary unimolecular dissociation of the peroxide. Each peroxide molecule 
on thermolysis gives two radicals and this indicates that the total 
molar yield of all the termination products is equal to or double the 
fraction, according as these products are formed by dimérisation or 
disproportionation reactions.
For example ; if the termination reaction occurred solely by the 
dimérisation of o-complexes to form derivatives of tetrahydroquaterphenyl, 
then the yield of this product would be equal to^ '. This would be 
expected for a reaction involving a 1.5-ordor induced decomposition.
However, if the termination reaction occurred solely by the 
disproportionation of o-complexes or by the dehydrogenation of o-complexes 
by (e.g.) are-' >xy radicals, then the total molar yield of all these 
products would be 2j* . This is often the case for a reaction involving
a first-order induced decomposition.
The fraction, ^6  ^ can be compared with a summation called g, 
which is a function which allows for the formation of either one or two 
molecules of dimérisation or disproportionation products, as determined 
from the product distribution results.
By investigating the 1-d.netics of a reaction, it is not only 
possible to determine the order of the induced decomposition and the 
nature of the termination reactions but also it is possible to calculate 
t at any value of [P]^ from knowing the values of k^’/k^  and k^  ^/k^.
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Holar yields c:m then be compared with or (1-^ ) according to whether 
they are produced by the primary unimolecular dissociation or by the 
induced decomposition.
6 . Phénylation and Pentafluorophonylation of Aromatic and 
Polyfluorbaromatic Solvents.
When benzoyl peroxide undergoes thermolysis in a monosubstituted 
benzene derivative, PhX, the phénylation reaction leads to a mixture of 
the three corresponding monosubstituted biphenyls. It has boon found that 
phénylation of the aromatic substrate takes place preferentially at the 
ortho-position to the substituent group X, although the meta- and para- 
isomers are formed but in lower -^elds.
The ortho-phenylatic mechanism appears to be independent of the 
nature of the substituent X, except when X is large and bulky (e.g. X = iso- 
propyl or t-butyl), in which case ortho-substitution is reduced due to 
a steric influence.
25Most of this work has been performed by Hey, Williams and co-workers 
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and by Dannley with the object of formulating rules for orientating
effects of substituent groups in hemolytic phénylation reactions.
The measurement of partial rate factors (PRF) has also been
achieved from these experiments. The partial rate factor, Fr, for
substitution at a position r in a monosubstituted benzene derivative PhX,
is an expression for the rate of substitution at tliis position relative
to one of the six equivalent positions in benzene. In order to calculate
partial rate factors it is not only necessary to measure isomer ratios
of the raonosubstituted biaryl products but also the total rate of
substitution in PhX relative to benzene must be ascertained; this
PhXfunction can be expressed as K.
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2 ' 55Recently Oldham and Wilson have measured the partial rate 
factors for the phénylation, at 80°, of chloropentafluorobenzene, 
bromopentafluorobenzene and pentafluoropyridine and Oldham has measured the 
biaryl isomer ratios obtained for the pentafluorophenylation of 
chlorobenzene, bromobenzene and nitrobenzene, A summary of these results 
together with the earlier results of Hoy, Williams and Dannloy is given 
in Table 2.
Table 2
Partial rate factors for the phénylation and penta­
fluorophenylation of some aromatic solvents
Radical Solvent Isomer Dist ribut ion ( ) Partial Rate Factors
ArX f — m- P- F0 ^m FP
Phenyl CgHjE 1 .03 54.1 28 14 1.7 0.93 0 .8 6
CgHjCl 1.06 50.1 31 .6 18 .3 1.6 1.0 1.2
produced
by
thermol­
CgHjBr
CgHjI
1.29
1 .32
4 9 .3
5 1 .7
33.3
31 .6
17.4
16 .7
1.9
2 .0
1 .3
1 .3
1 .3
1 .3
ysis of 
benzoyl = e V °2
2 .9 4 62.5 9.8 2 7 .7 5.5 0 .86
1
peroxide Cgfg 0.79 — — — —
at 80° CgFjCl 0 .7 8 44,1 3 3 .0 20.9 1.02 0.81 0 .9 7
CgF^Br 0.81 43 ,6 39.0 17.4 1 .06 0.93 0 .8 5
C3E3N - 4 7 .7 22.1 3 0 .3 - - -
! Pcnta- 
1
j fluoro-
CgHjCl - 64.7 20 .6 14.7 - - -
1 phenyl, CgHjBr - 61 .6 26 .3 12.1 - - -
I CgH^NO^ - 20 .8 33 .4 2 5 .8 - - -
1 produced
1 by thermolysis of
; perfluorobenzoyl peroxide at1 80° X
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In the phénylation reactions it can be seen that the rate ratios 
and the partial rate factors differ only slightly from unity in contrast 
to most electrophilic substitution reactions. In the aromatic hydrocarbon 
series most substituents activate the nucleus towards phenyl radical 
attack but polyfluoroaromatic compounds are deactivated when compared to 
benzene. Since the difference in the relative rates of phénylation of 
CgFg, CgF^Cl and C^F^Br arc extremely small, it has been suggested that 
the high degree of flu-rination in these solvents results in electron- 
withdrawal from the aromatic nucleus and therefore leads to a reduction 
in the number of electrons which are available for bonding in the 
intermediate o-comploxes.
The phenyl radical is thought to be only slightly electrophilic
whereas the pentafluorophenyl radical is expected to be strongly electrophilic
on account of the powerful inductive effect (-1) of the fluorine atoms.
This radical would therefore be expected to react at electron-rich sites
2
in aromatic solvents. From the results in Table 2, Oldham has been able to 
show that those substituents which are deactivating and meta-directing 
towards electrophilic substitution, lead to an increase in pentafluoro­
phenylation at the meta-position. For example, the (o + p)/m ratio 
for the pentafluorophenylation of chlorobenzene was 3 »9 /1 whereas for 
nitrobenzene it was O.87/I. The ratio for the phénylation of nitrobenzene 
was 9 .2/1 compared with O.87/I for pentafluorophenylation. These results 
serve to exemplify the highly electrophilic character of the pentafluorophenyl 
radical.
7. The Kinetic and Mechanistic Investigations into the Thermal
Decomposition of Benzoyl Peroxide in Aromatic Solvents.
During the past few years there have been many extensive 
investigations carried out into the kinetics and mechanisms of the thermal 
decomposition of benzoyl peroxide and substituted benzoyl peroxides in
37.
aromatic solvents. Most of this work has been achieved by the school 
of Williams and co-workers although some work has been performed 
elsewhere.
In 1962, Foster and Williams^^ performed a kinetic analysis of 
the reaction of benzoyl peroxide in several alkyl benzenes and suggested 
mechanisms which were consistent not only with the observed 1.3-order 
induced decompositions but also with the products of the reaction.
This work was followed in I965 by a similar investigation into the 
benzoyl peroxide-benzene reaction by Gill and Williams. These workers 
confirmed the rate expression derived for this reaction by Nozaki and 
Bartlett (1947) and proposed the following mechanistic scheme.
(PhCOO) 2  > 2PhC0 0*   (6 7)
PhCOO.  > Ph. + COg   (68)
(PhCOO. + PhH ---  > [PhCOOPhH]. = a*   (6 9)
(
(Ph. + PhH  > [PhPhH] = a. '   (70)
(cr. + ( P h C O O ) ----- > PhCOOPh + PhCO H + PhCOO. ....  (71)
(
(cf.* + (PhCOO) 2 ----- ^ Ph.Ph + PhC02H + PhCOO. ....  (72)
(o'. ' + o.  > Dimérisation and Disproportionation
( Products   (73)
|o. • + o« '  > " ”   (74)
(o. ' + PhCOO. ----- > PhPh + PhCO H   (75)
( ^
(O" + PhCOO .  > PhCOOPh + PhC02H   (7&)
Over a large range of initial peroxide concentrations, the 
reaction was found to show a 1.5-order induced decomposition of the 
peroxide which was consistent with a termination reaction in which there 
was primarily a combination of two similar radicals as in equations (73) 
and (74). A small first-order induced decomposition was also found to
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occur which was consistent with a termination reaction involving combination
of unlike radicals as in equations (75) and (76). The product distributions
supported the above scheme,
57Gill and Williams also studied the kinetics of the thermal 
decomposition of benzoyl peroxide in chlorobenzene and bromobenzene over 
a similar range of initial peroxide concentrations as used in the benzene 
system.
In the case of chlorobenzene, the rate equation was found to 
have two forms. At initial peroxide concentrations above 0,12 Molar 
the induced decomposition was found to be first-order while below 0.12 Molar 
it was found to bo 1.5-order. Both types of induced decomposition were 
superimposed on the initial unimolecular dissociation of the peroxide.
The change-over in the kinetics was attributed to a change in the nature 
of the termination reactions which were occurring above and below 0 .1 2 Molar. 
However, in bromobenzene, the induced decomposition was first-order over 
the whole of the peroxide concentration range studied and it was suggested 
that this was due to a higher stationary concentration of benzoyloxy 
radicals in this reaction, compared to the other systems, which lead to a 
predominance of chain termination reactions by the combination of unlike 
radicals, i.e. benzoyloxy radicals and o-complexes. It has been suggested 
that the benzoyloxy radicals form a one-electron transfer complex with 
bromobenzene and this stabilisation leads to a subsequently higher 
stationary concentration of these radicals in solution.
The kinetics of the thermal decomposition of benzoyl peroxide in
CQ
fluorobenzene have recently been reported by Lewis and Williams . The 
first-order thermal decomposition was found to be occurring simultaneously 
with a 1.5-order induced decomposition as in the case of benzene. Chain 
termination was attributed to the dimérisation and disproportionation of 
o-complexes formed by the addition of phenyl radicals to fluorobenzene.
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A significant quantity of biphenyl was formed in this reaction 
and since cage-recombinaticn of radicals was considered,unlikely it was proposed 
that this compound arose through the following scheme
Pho + PhF -> (77)
/a
N/ ,
y /
(HI)
(XII)
Ph
4
(XIII)
(XIII)
+ PhCglli^ F
(XIV)
■» Ph.Ph
Ph
(XV)
(78)
......  (79)
Radical (XII) is formed as the result of the attack of a phenyl
radical at the 1-position in fluorobenzene. Although this situation would
not be expected to occur in either chloro- or bromobenzenes, it might be
55
expected to arise in fluorobenzene since it has been observed by Wilson 
that hexafluorobenzcne is almost as reactive towards phénylation by the 
phenyl radical as benzene.
Due to its greater electronegativity, fluorine would be expected 
to increase the electron density around the 1-position carbon atom by 
withdrawing electron charge from the aromatic nucleus. This would lead to
40
enhanced attack at the 1-position by an electrophilic species. It was 
suggested that radical (XII) might disproportionate with an ordinary 
cJ-complex (XIIl) as in equations (?8) and (79). The dihydrofluorobiphenjrls 
formed^these reactions are thought to undergo dehydrofluorination;-
(XIV) ----- > Ph.Ph + HF ........ (80)
(XV) ----- > Ph.C^ tt^ F + HF    (81)
A similar mechanism has been put forward for the dehydrochlorination
59observed in the phénylation of chlorobenzene
Since the investigations of the thermal decomposition of benzoyl 
peroxide in aromatic solvents hapfusually involved analysis of the peroxide 
sample solutions by iodoraetric methods, the study of the thermal decomposition 
of benzoyl peroxide in iodobenzene has received little attention owing to 
the difficulty in following this reaction because of the free iodine 
liberated by ’’peroxide-oxidation” of the solvent.
Brydon and Cadogan^^ have recently managed to follow the kinetics of 
this reaction using a gas chromatographic method of analysis of the peroxide 
solution samples. The reagent, triethyl phosphate, has been observed to 
react quantitatively^^ with benzoyl peroxide in the following way:
(PhCOO)^ + (EtO^P --- > (EtO)^PO + Ph.CO.O.CO.Ph ....... (82)
The yield of trietbyl phosphate can be estimated by gas 
chromatography using biphenyl as an internal standard and hence the 
concentration of benzoyl peroxide present in a sample can be calculated.
Using this technique, the benzoyl peroxide-iodobenzene reaction 
was found to obey a first-order rate expression which had an apparent first-
-5 -1order rate constant of k,^ = 3»70 x 10 sec
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8 , The Effect of Substituent Groups on the Thermal Decomposition 
of Diuroyl Peroxides.
Substituent groups in aromatic nuclei may be broadly classified 
as either (i) electron-releasing or (ii) electron-withdrawing.
It has been shown^^'^^ that in the case of diaroyl peroxides, 
electron-releasing groups cause a dipole-interaction across the peroxy 
bond and thereby facilitate dissociation of the peroxide. However, such 
interactions are reduced by electron-withdrawing substituents and the 
rate of the unimolecular thermal decomposition of the peroxide in these 
instances is Subsequently smaller.
Bevington, Toole and Trossarelli^^ (1958) have found that substituents 
in the aromatic nuclei of diaroyl peroxides also d-ffect the stability 
and reactivity of the resulting aroyloxy radicals. A substituent which 
causes rapid dissociation of a diaroyl peroxide is observed to render 
the resulting aroyloxy radicals less reactive and less likely to 
decarboxylate to form the corresponding aryl radicals. Conversely, 
substituents which lower the rate of unimolecular thermal dissociation
of a peroxide cause the resulting aroyloxy radicals to bo loss stable
)
and more liable to decarboxylate to give aryl radicals.
Electron-withdrawing substituents in an aryl radical would be 
expected to make it more electrophilic. Whereas the phenyl radical 
is only slightly electrophilic, the pentafluorophenyl radical would be 
expected to be highly electrophilic sinc^ it possesses five fluorine atoms 
which are strongly electron-withdrawing. The highly electrophilic 
character of this radical has already been described by Oldham and is 
borne out in this present work.
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9. The Effect of Oxidising Agents, Motal and Metal Salt Catalysts 
on the Thermal Decomposition of.Diaroyl Peroxides in Aromatic 
and Perfluoroaromatic Solvents.
(a) Oxygon
Eberhardt and Eliel^^ have reported the effect of oxygen
on the product distributions for the thermal decomposition of benzoyl 
peroxide in benzene .and have shown that it produces a dramatic effect 
on the biphenyl yield both with low and high initial peroxide concentrations. 
The biphenyl yield at low initial peroxide concentrations is trebled 
and this increase is found to occur at the expense of the dihydrobiphcnyls 
and tetrahydroquaterphenyls rather than .at the expense of the benzoic 
acid. The dimérisation of phenylcyclohexadienyl radicals is thought to 
be suppressed by oxygon which reacts with these o-complexcs to produce 
biphenyl. Morrison, Gazes,.-Samkoff and Howe^^ (1962) have investigated 
the phénylation by benzoyl peroxide of substituted benzenes in the presence 
and absence of oxygen. Biaryl yields wore again found to increase although 
isomer distributions were unaltered. The following mechanism has been 
proposed by these workers in order to describe the decomposition of a 
diaroyl peroxide in an aromatic solvent, Ar'H, in the presence of oxygen,
(ArCOO) 2  > 2ArC00.-— ^  Ar. + CO^ ........ (8 3)
Ar. + Ar'H— — > [ArAr'H].   (84)
[ArAr'H], + 0^  *---> ArAr'   (8 5)
2[ArAr'H]. --- > (ArAr'H)^   (8 6)
2[ArAr'H]' --- > ArAr’H^ + ArAr'   (8?)
ArAr'H^ + 0^ ---- > ArAr'   (8 8)
The presence of oxygen increases the rate of reaction (8 5) and 
possibly (8 8) at the expense of (8 6) and (8 7) so that more aroyloxy 
radicals become available for arylation reactions.
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Eberhardt and Eliel^ '^  have also noted that nearly all the phenyl 
radicals generated from benzoyl peroxide in an oxygenated aromatic solvent 
can be accounted for as biaryls, so that the biaryl isomer distributions 
in these systems accurately reflects the relative reactivities of the 
0-, m- and p- positions in a substituted benzene derivative towards 
homolytic phénylation.
In the case of the thermal decomposition of perfluorobenzoyl 
peroxide in benzene, Oldham and Williams^ have reported that the 
presence of oxygen does not substantially effect the distribution of the 
reaction products, pentafluorobenzoic acid and 2,3,4,5»6-pentafluorobiphenyl.
For the thermal decomposition of benzoyl peroxide in hexafluoro-
22benzene, Oldham, Williams and Wilson have also found that oxygen does 
not have any appreciable effect on the yield of 2,3,4,5»6-peatafluoro- 
biphenyl.
(b) Nitro-compounds
Hey, Perkins and Williams^^ (19&3) have found that small quantities 
of aromatic nitro-compounds have led to an increase in the yield of 
benzoic acid and biaryls when added to solutions of benzoyl peroxide in 
benzene and fluorobenzene. They have also reported that the presence of 
such compounds loads to a reduction in the yield of residue. Nitrobenzene, 
m-dinitrobenzene, phenyl hydroxylamine and nitrosobenzene have all been 
used in the above investigations and have been recovered almost 
quantitatively. Since nitrosobenzene has had the most profound catalytic 
effect on those reactions, Perkins has suggested that most other nitro­
compounds act as precursors to this compound. With nitrobenzene itself 
the reactions (8 9) and (9 0) a.re possible and load to biphenyl and benzoic 
acid as the major products of the benzoyl peroxide-benzene reaction.
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0.
[Ph.PhH] + Ph.NO^  > PhNOH + Ph.Ph   (8 9)
0.
Ph.NOH + (Ph.COO)^ --- > Ph.COg + Ph.CO^H + Ph.CO^ .... (90)
Gill and W i l l i ( I 966), however, postulated the following
reaction schone:-
[Ph.PhH]. + Ph.NOg -- > PhN-0 ......  (91)
H \ _ = /  H
(XVI)
(XVI) + (Ph.000)2 --> Ph.NOg + Ph.Ph + Ph.C02H + Ph.002* (9^ )
In the above scheme it is suggested that the presence of added 
nitrobenzene leads to the formation of Tx-complexes between phonylcyclo- 
hexadienyl radicals and nitrobenzene and hence to a higher stationary 
concentration of those radicals. A propagation reaction (92) can be 
formulated in which (XVI)reacts with a molecule of benzoyl peroxide to 
give both benzoic acid and biphenyl. The benzoic acid and biphenyl yields 
increase greatly so that over 90% of the peroxide decomposed can be 
accounted for as acid and biphenyl compared with less than 4(%;- in the 
absence of nitro-compounds.
Recent work by Chalfont, Hey, Liang and Perkins^^ (1971) rationalises 
the "nitro-effcct” observed in the benzoyl peroxide-benzene reaction.
These workers suggest that initially a small fraction of the nitro­
compound is reduced to nitrosobenzene which scavenges phenyl radicals to 
form diphenyl nitroxide. The nitroxido radicals efficiently oxidise 
phenylcyclohexadienyl radicals to biphenyl and in so doing, prevent side 
reactions (e.g. dimérisation) which would lead to products of high molecular 
weight. The diphenyl nitroxide, which has been detected in the reaction by
e.s.r. spectroscopy, is regenerated by oxidation of diphenylhydroxylamine 
by molecular benzoyl peroxide.
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This reaction scheme is outlined below:-
PhoNO^ — — > Ph.NO ........ (93)
Ph. + PhNO ---- Ph^NG- ........ (94)
[Ph.PhH] + PhgNO"  > Ph.Ph + Ph^NOH ........ (95)
Ph^NOH 4- (Ph.COO)^ ---- > PhgNQ. + Ph.COQ. + Ph.CO^H ........ (96)
In an 0.04 Molar solution (1 g in 100 ml) of the peroxide in benzene,
10 mg of nitrosobenzene were sufficient to produce an optimum yield of
biphenyl and benzoic acid. The diphenyl nitroxide was found to be still
68present in the solution at the completion of the reaction. Gill and Williams 
have reported a study of the kinetics of the thermal decomposition of benzoyl 
peroxide in nitrobenzene and in benzene containing 1% nitrobenzene.
It was found that in both systems, the decomposition showed first- 
order behaviour except at low (< O.O6 M) initial concentrations of peroxide
where 1.5-order induced kinetics were observed. The effect of nitroxides is
to intercept phenylcyclohexadienyl radicals and the resulting diphenylhydroxylamine 
(equation 95) can propagate the reaction by reaction with peroxide (equation 96) 
or terminate it by reacting with benzoyloxy radicals. The result is 
transformation to a scheme which shows the kinetic behaviour represented by 
equation 591 precisely as observed by Gill and Williams over most of the
concentration ranges studied.
70Hall (1965) has studied the effect of a series of compounds of 
high electron affinity on the thermal decomposition of benzoyl peroxide 
in benzene. Although the yields of benzoic acid and biphenyl increased, 
it was not possible to correlate the efficiency of the additive with its 
electron affinity.
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Nitrobenzene has not been found to increase the yield, of penta­
fluorobenzoic acid or 2,5,4,5,6-pentafluorobiphonyl in the perfluorobenzoyl 
peroxide - benzene reaction and a similar result has been obtained for the 
benzoyl peroxide - hexafluorobenzcne reaction,
(c) Motal salts and metals
Dailly and Williams (1968) have examined the decomposition of 
benzxjyl peroxide in benzene, fluorobenzene, chlorobenzene and toluene 
in the presence of ferric benzoate and have found the yields of biaryl and 
benzoic acid to be almost quantitative with large reductions in the yield of 
residue. The biaryl isomer ratios have also been found to remain unchanged.
Dailly has suggested the following mechanism for the metal salt 
catalysis of free-radical reactions (e.g. benzoyl peroxide in the mono­
substituted benzene derivative PhX in the presence of ferric benzoate),
(PhCOO) 2  ----- > 2PhC00-.......................  (97)
PhCOO. ----- > Ph. + CO2  ......  (9 8 )
Ph. + PhX ----- > [PhPhX]. ......  (99)
a-complex
[PhPhX]. + Fe^+ ----- > Ph.CgH^X + H"*" + Fe^+ .......  (100)
PhCOO • + Fe^+ ----- > Ph. 000“ + Fe^+ ......  (101 )
Ph.COO” + ----- > PhCOOH    (102)
Equations (100) and (102) are consistent with the observed increases 
in yields of biaryl and benzoic acid which occur at the expense of the 
residue forming reactions involving the dimérisation of a-comploxes.
Oldham and Williams^ have investigated the effect of ferric benzoate 
on the perfluorobenzoyl peroxide - benzene reaction and have found only 
a negligible difference in the yield of pentafluorobenzoic acid, 2 ,3,4,5,6- 
pentafluorobiphonyl and residue.
22
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Wilson (1968) has observed that the effect of ferric benzoate 
on the benzoyl peroxide - bromopentafluorobenzene reaction is to alter 
the isomeric distribution of the biaryls. Oldham, Williams and Wilson' 
(1970) have reported the effect of added metal and metal salts on the 
thermal decomposition of benzoyl peroxide in hexafluorob>.nzeno. A summary 
of these results is given in Table 3.
Table 3
The..Thermal Decomposition of Benzoyl Peroxide (1.21g) 
in Hexafluorobenzcne (9.3 g) at 80° in the Presence 
of additives
Biaryl distillation 
conditions Additives
ïieid 01 
pentafluoro- 
biphenyl (g)
Yield of 
Residue (g)
100-120°/13 ram Hg - 0 .7 9 0 1.126
200°/l3 mm Hg - 0 ,974 0 .972
300/760 mm Hg - 1,128 0 .762
100-200°/0.01 mm Hg Water (0.12 g) o,8o4 -
M Oxygen (10 ml/min) 0 ,790 -
It Nitrogen ( " ) 0.592 -
U Nitrobenzene (O.18 g) 0 .692 -
Ii Cu powder (0,24 g) 0 .447 -
t Fe powder (0.21 g) 1.000 -
It Zn dust (0,21 g) 0 .625 -
ti CuCl (0 ,2 8 g) 0 .903 -
t CuCl^ (0 .094 g) 0 ,315 -
t* FeCl2.4H20 (0.12 g) 0.354 -
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The catalytic effect of small quantities of metal chlorides on the thermal
decomposition of benzoyl peroxide in various solvents has been reported by
72 73Boeseken and Reynhart and Kharasch and Fono .
The following catalytic action of these metal salts with diaroyl
peroxides has been suggested:
(ArCOO)^ + rf*" ---- > ArCOO. + ArCOOM^ "^^  ^ ......  (103)
(Reduction of the peroxide to give an aroyloxy radical).
A redox reaction occurs with the intermediate free radicals (R*), derived 
by the action of an aroyloxy radical on the solvent.
R* + ArCOOM^^^^)^ ---- > ArCOOR + f  ......  (104)
Since equation (IO3) is unaffected by the nature of the solvent, Oldham,
22Williams and Wilson hoped that the catalyst might be effective for the
benzoyl peroxide - hexafluorobenzcne system although the nature of R#
(derived from the solvent) could have a marked influence on the reaction.
71Dailly has formulated equation (104):-
Ar* + RH ---- > 0-complex ......  (105)
0-complex + ArCOOM^^^^)^ --- > ArR + ArCO^H + .... (106)
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A similar formulation has been made by Hoy, Liang and Perkins (196?) in 
order to account for the catalytic effect of cupric benzoate (and copper 
bronze) on the thermal decomposition of benzoyl peroxide in benzene. Both 
catalysts also gave improvements in the yields of biphenyl and benzoic acid.
The effectiveness of the catalyst therefore depended on its ability 
to remove a hydrogen atom from the 0-complox, or as in the case of 
hoxafluorobonzene, a fluorine atom.
The object of the work of Oldham, Williams and Wilson was to increase 
the yield of 2,3,4,5,6-pciiitafluorobiphonyl and possibly benzoic acid in 
the benzoyl peroxide - hoxafluorobonzene system by catalytic methods. However,
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none of the metals or compounds investigated showed any significant 
positive effect. Iron powder and cuprous cliloride slightly improved the 
biaryl yield but the other additives decreased this yield. It has been 
suggested that since the phenylhexafluorocyclohexadienyl radicals (o-s*complexes) 
formed in this reaction do not react to any large degree with the benzoyloxy 
radicals, as is evident from the product distribution analyses, then they 
cannot be expected to react with the metal aroyloxy complex, ArCOOM^^^^^^.
10. Solvation Effects.
75Franck and Rabinowitch (1934) put forward the concept of the "cage 
effect". In the liquid phase, benzoyl peroxide undergoes homolysis to 
produce two benzoyloxy radicals which are surrounded by a "cage" of solvent 
molecules. It is feasible for such radicals to undergo self-collision and 
in the process to form two different products.
2PhC00. ---- > PhCOOPh + CO ^    (10?)
Since radicals involved in this type of reaction cannot become randomly 
distributed, Noyes^^ (1955) has stated that ordinary kinetic formulations 
cannot apply to any "intercage" reactions and to the attack of these radicals 
on the solvent molecules. Cage recombination products can be identified 
since thuir yields are always independent of added inhibitors.
The benzoyloxy radical is believed to survive for a period greater
—Q 77th?n 10” sec in a solvent such as benzene and Walling (1968) has proposed
that the rates and products of peroxide decomposition arc in part determined
by processes occurring within a solvent cage and complete within a time
-9scale of approximately 10 sec.
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78The half-life of the benzoyloxy radical has been estimated to 
be about 3 x 10  ^sec at 80° .and this is sufficient to enable it to 
escape from a solvent cage.
79Hoy, Perkins and Williams (19&5) have suggested that a cage 
mechanism does not appear'’ to be relevant for the decomposition of diaroyl 
peroxides in aromatic solvents.
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SFCTION E# Pyrfluoroalicyclic Compounds.
1. Gonoral and Historical
For mrmy years, workers in the free-radical field have been looking for 
a suitable solvent which is inert to free-radical attack. The investigation 
of a horaolytic reaction is often made more difficult thronghtho lack of a 
suitable inert solvent.
Most free radicals attack hydrogen containing corapcim Is with rosnHtamt 
substitution or hydrogen abstraction. Carbon tetrachloride hr^ s been nsed os 
a fairly inert solvent for hemolytic reactions although chlorine abstraction 
sometimes occurs. Since this compound is non-polar, its range of solvent 
power is rather limited.
Many horaolytic investigations have been carried out in which one of the 
reactants acts as a solvent but this sometimes presents difficulties when 
reactions are being studied at low reagent concentrations. With these-
iO
problems in mind Claret, Coulson and Williams (1965) investigated the 
potential of hoxafluorobenzeno as an inert solvent for the therml 
decomposition of benzoyl peroxide, with the result that phénylation ®f 
the substrate, followed by a defluorination step, resulted in a 7^  
yield of 2,3»^»5»6-pontafluorobiphenyl.
Since the carbon-fluorino bond energy is very hi^ C116 kcal/male 
at 25^0)^^ compared to a carbon-hydrogen bend energy c-f 9^.7 kcol/mole 
at the abstraction of fluorine by free radicals wss conKidcred
unlikely.
However, due to the molecular structure cf h&%%aflwaraWnzemg, 
ëubëtitution of the aromatic nucleus became on eczperimmtol .alt,.,mative 
to nuclear fluorine abstraction.
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An extension of this earlier work is now attempted using 
perfluoroalicyclic compounds as potential inert solvents for homolytic 
reactions. These all possess the advantage that they are completely 
saturated so tliat aromatic substitution by free radicals cannot occur 
and fluorine abstraction (if energetically possible) is the only 
alternative.
One important factor in the selection of an inert solvent is that it 
must be a good solvint for the compound or compounds under investigation.
The first synthesis of a perfluoroalicyclic compound was reported by 
Simons and Block^^ (1939) who isolated perfluorocyclohexane from the 
carefully controlled reaction of carbon and fluorine. Fukuhara and
82Bigelow (19^1) were able to prepare this compound by the direct 
fluorination of benzene.
The physical properties and crystal structure of perfluorocyclohexane
O *2
wore described by Christoffers, Lingafelter and Cady (19^ 7) who had 
prepared this compound by a modification of the first two methods described. 
Perfluorocyclohexane is a volatile, waxy, colourless solid (m.p. 51°, 
b.p. 52°) which proved to be unsuitable for this present work due to its 
remarkably small liquid range.
8if
In 1947, McBoe and Bechtol described a general method of preparation 
of perfluoroalicyclic compounds using silver fluoride as a reagent for 
fluorinating mononuclear and polynuclcar fused ring hydrocarbons or their 
partly fluorinated derivatives in a stream of nitrogen at 300 .
Using this technique they were able to prepare a whole series of 
perfluorinated cyclohexanes, substituted cyclohexanes, cis- and trans- 
docalins, and the corresponding substituted decalins. Some of these 
compounds have been used as solvents in this work. Modifications of the 
above methods of preparation are described frequently throughout the 
literature^^’ .
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The boiling points of these compounds are lower than those of their 
corresponding hydrogen analogues and their physiological properties are 
found to vary considerably from very toxic to harmless. The solubilities
87of some perfluoroalicyclic compounds were first reported by Scott (1948) 
who found them to possess a much lower solubility and a poorer solvent 
action than those normally found in non-polar organic liquids. This he 
attributed to their much lower solubility parameters.
2. Reactions and Uses
These compounds are fairly jbiert and unreactive although radiolysis
causes appreciable breakdown into gases and products of lower molecular
88
weight than the starting material as well as polymer formation . No free 
fluorine was detected in any of the irradiations which were performed in 
nickel cells employing a 1.3 MeV van dor Graaff electron beam.
In spite of their unreactive nature, perfluoroalicyclic compounds 
have proved to be useful solvents for the polymerisation of olefins. In the 
polymerisation of perfluoro-olefins, these solvents are found not only to 
increase the rate of reaction but to^lso^give higher yields of polymer 
compared to other raedia^ .^ Cull and Mertzweiller^^ (1959) have reported 
that the presence of up to 30^^ of a perfluoroalicyclic compound in a 
polymerisation reaction involving ethylene in heptane has resulted in a 
reduction of the molecular weight of polyethylene from 310,000 to 55,000 
and has increased the rate of polymerisation by 25%.
Some perfluoroalicyclic compounds have recently been used as
91anaesthetics •
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Aims and Programme of Research
The homolytic pentafluorophonylation of benzene, chlorobenzene 
and bromobenzene using porfluorobenzoyl peroxide as a source of
3 4 5pcntafluorophenyl radicals has recently been reported in the literature * ’ , 
The first objective of this work was to extend these preliminary 
investigations and determine the nature of the reaction kinetics for the 
thermal decomposition of porfluorobenzoyl peroxide in the above solvents.
In so doing it was hoped that the mechanism of the above reactions might 
be explained since the thermal decomposition in benzene has been found to 
produce slightly different types of products to those isolated from the 
analogous decompositions in chlorobenzene and bromobenzene.
As an extension of the earlier work of Oldham and Williams, the 
thermal decomposition of perfluorobenzoyl peroxide in fluorobenzcne has 
been studied with the object of determining the nature of the products 
formed in this reaction and also to draw comparisons to the analogous 
decomposition in chlorobenzene and bromobenzene.
Claret, Coulson and Williams^^ (1965) first reported the homolytic 
substitution of the hexafluorobenzcne nucleus using benzoyl peroxide as a 
source of phenyl radicals. The second part of this work io concerned with 
a kinetic investigation into this reaction with the objective that a 
satisfactory mechanism might be proposed in order to (a) account for all 
the peroxide decomposed, (b) explain the nature of the defluorination 
reaction which takes place leading to the major product (?6%) of 
2,3,4,5,6-pentafluorobiphenyl and (c) attempt to draw some comparison 
to the analogous thermal decomposition of benzoyl peroxide in benzene.
The study of many homolytic reactions and particularly those 
involving the homolysis of diaroyl peroxides, is often impeded by the 
requirement for an inert solvent. Most free radicals avidly abstract 
hydrogen from those compounds .which contain this element.
55.
The final part of this work is an attempt to find a compound or 
series of compounds which are inert to free-radical attack. Since the 
(C-F) bond energy is larger than that for the (C-H) bond, some saturated 
cyclic pcrfluorocarbons were investigated since it was considered that 
fluorine abstraction by free radicals might be unfavourable. The thermal 
decomposition of benzoyl and porfluorobenzoyl peroxides was investigated 
in a series of perfluoroalicyclic solvents and the reaction products wore 
analysed in order to discern whether they were derived from the original 
peroxide or the solvent.
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CHAPTER II EXPERIMENTAL
SECTION F. Preparation and Purification of Compounds
Microanalyses were by Alfred Bernhardt, 3231, Elbach-Über-Engels 
Kirchon, Fritz-Pregl-Strapo, l4-l6, W. Germany and by Drs. Weiler and 
Strauss, 10, Carlton Road, Oxford,
The infrared spectra were recorded on a Pyc Unicam SP200 using KBr 
discs and all ultraviolet and visible spectra were recorded on a Pye 
Unicam SP800.
1, Syntheses of Organic Compounds
(a) Bis(pentafluorobenzoyl) peroxide
The method used was an adaptation of that of Hoy and Walker^^ (1948) 
for the preparation of diaroyl peroxides,
Pentafluorobenzoic acid (100 g) and freshly distilled thionyl chloride 
(70 ml) were boiled under reflux for 24 hours until there was no more 
evolution of hydrogen chloride or sulphur dioxide. The excess thionyl 
chloride was removed by distillation (b.p. 79°) from the yellow-brown solution. 
After the thionyl chloride had been removed the temperature rose rapdily to 
about 160°. The crude pentafluorobenzoyl chloride was distilled off between 
156-160° until only a dark brown oil, consisting mainly of unchanged 
pentafluorobenzoic acid, remained in the distillation flask. The crude 
product was redistilled to give a colourless, pungent smelling liquid 
with b.p. 157-160° (lit. b.p. 158-159°)^^ (87 E, 795*5).
Pentafluorobenzoyl chloride (73 g) in chloroform (75 ml) was added 
dropwise at the rate of 1 ml per minute to a well shaken, ice-cold 
solution of hydrogen peroxide (75 ml of ”100” volume) and aqueous 10-Molar 
sodium hydroxide (40 ml). After shald.ng for 90 minutes at 0°C in a 500 ml 
round bottomed flask, the solution was filtered and the insoluble white 
compound was collected in a Buchner funnel. This white solid was crude 
bis(pentafluorobenzoyl) peroxide (perfluorobenzoyl peroxide).
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The chloroform layer was separated and the bulk of the peroxide 
was precipitated by the addition of two volumes (150 ml) of ice-cold 
methanolo More peroxide was precipitated from the filtrate by placing 
the methanol-chloroform solution in an acetone-solid 00  ^mixture in 
a Dewar vessel. The crude peroxide was recrystallised three times from 
chloroform/methanol and the purified product was dried over calcium 
chloride in a vacuum desiccator for 10 days to give a white crystalline 
compound (4? g, 71%) m.p. 79-79.5°. (Found; C, 39.8; F, 44.8. 
requires C, 39.8; F. 45.0%).
Recent syntheses of this compound have been described by Kobrina
3 4and Yakobson and by Burdon, Campbell and Tatlow . Both groups of workers
have reported different melting points for the compound. Burdon, Campbell
and Tatlow report a melting point of 72° while Kobrina and Yakobson report
a range from 76-8°. The melting point of the peroxide prepared from this
reaction (79-7 9*5°) was in agreement with the melting point obtained by
2
Oldham and Williams during preliminary work on the peroxide in 1965.
94It has been reported that many highly fluorinated aromatic compounds
form ’’solvates” with the solvents from which they are recrystallised. The
formation of Ti-complexes has been noted in mixtures of aromatic hydrocarbons
95and aromatic polyfluoro-compounds but it is likely that the ’’solvates”
formed above may be due to hydrogen-bond formation between the solvent and
the polyfluoro-compound. The formation of ’’solvates” of perfluorobenzoyl
peroxide would account for the lower melting points observed by the first
3 4two groups of workers and also by the author in preliminary investigations.
Vacuum drying over calcium chloride for periods up to ten days 
removed the adhering solvent molecules to give a product of constant 
melting point. The infrared spectrum of the peroxide showed the following 
absorption bands:-
Strong, 1820, 1790, 1510, 1315, 1150, 1000, 910, 805 cra"\
Medium, 1650, l4lO, IO6 0, 750 cm
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The strong absorption bands at 1820 and 1790 cm”  ^are the 
characteristic stretching frequencies of the peroxy linkage in the system 
(OC-O-O-CO)o The purity of the peroxide was estimated by the dead-stop 
potentiometric method described im Section G2. Samples of perfluorobenzoyl 
peroxide (30-40 mg), were titrated by this technique against freshly 
standardised 0.01 N sodium thiosulphate. The purity of the sample was 
found to be 9 9 .9 3 - 0 .07%.
Batches of this peroxide prepared at a later stage were found to 
be of similar purity. In subsequent preparations, samples of pentafluorobenzoyl 
chloride were kindly donated by the Imperial Snelting Corporation so that 
only the second part of the synthesis was necessary.
(b) Benzoyl peroxide
The moist commercial reagent (B.D.H.) was dissolved in warm 
chloroform (40°) and the aqueous layer was rejected. The solution was 
filtered rapidly by suction and two volumes of ice-cold methanol were added.
The precipitated benzoyl peroxide was removed and the above procedure was 
repeated twice. The purified peroxide was dried over calcium chloride in 
a vacuum desiccator for four days m.p. 105.5° (Lit, m.p. 106-108°).
The purity of the benzoyl peroxide was estimated by the dead-stop potentiometric 
method outlined in Section G2 and gave a value of 99*95 - 03%*
(c) 2,2-Diphenyl-1-picryl hydrazyl (DPPH)
This stable free-radical scavenger was first prepared by Goldschmidt 
97and Renn in 1922 who also described a method of determining it by its 
reaction with hydroquinone. In this synthesis the method used was an
Q O
adaptation of that used by Poirier, Kahler and Benington (1952). A 
solution of 1,1-diphenyl hydrazine hydro chloride (11 .0 g) in methylated 
spirit (125 ml) was treated at room temperature with first solid sodium 
bicarbonate (11 .0 g) and then with picryl chloride (12.5 g)•
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After the evolution of carbon dioxide had ceased, the mixture, 
which was red-brown in appearance, was boiled gently for 15 minutes. When 
the mixture had cooled slightly, an equal volume of chloroform (125 ml) was 
added and the solid residue was filtered off while the mixture was still 
warm. The filtrate was now washed with two 125 ml portions of water and 
was then concentrated to about 60 ml on a water-bath. Finally the 
concentrated solution was diluted with 70 ml of warm methylated spirit.
On standing at room temperature overnight dark red prisms which weighed 
1 6 .3 g (85%) and melted at 168-170° separated from the solution. Some of 
this product (15 g) was recrystallised from a solvent mixture consisting 
of chloroform (40 ml) and absolute ethanol (25 ml) to give dark red needle­
like crystals (12 .5 g) of 2 ,2-diphenyl-1-picryl hydrazine which had 
m.p. 172-173° (dec) (Lit. m.p. 174-6° (dec)^^ ).
The hydrazine intermediate was converted to the hydrazyl free radical 
by stirring for three hours a mixture of 2 ,2-diphenyl-1-picryl hydrazine 
(5 .0  g), anhydrous sodium sulphate (5«0 g) and lead dioxide (32 .0 g) in 
purified benzene (100 ml) at room temperature under a stream of oxygen-free 
nitrogen in the dark. The mixture was rapidly filtered and the solid 
material was discarded. A further charge of lead dioxide (32.0 g) and * 
anhydrous sodium sulphate was added and the stirring was continued for a 
further three hours. The solid residue was once again removed from the 
mixture by rapid filtration through a Buchner funnel, and the filtrate was 
evaporated to dryness by passing a stream of oxygen-free nitrogen over the 
solution. The violet-coloured residue (94%) had m.p, 126-128° (dec)
(Lit. m.p. 127-9° dec)^®. ...
Ph
\
N —  N — V y  • NOg
/
Ph.
(XVII)
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The ability of DPPH to crystallise in well-defined complexes with 
solvent molecules (e.g. benzene) has been investigated by several 
groups^^’ o Published melting points^^'^^'^^^'^^^ for DPPH vary 
according to the solvent used for recrystallisation, thus suggesting 
complexing with solvent molecules.
The preparation of solvent-free DPPH has been described by 
103
Laederich and Traynard and the method employed was used in this synthesis.
A solution of DPPH (4.0 g) in anhydrous ether (80 ml) was allowed to pass
through an acidic alumina column (70 g alumina, Type H) using more
anhydrous ether as eluent. The DPPH, after removal of the ether and
pumping in vacuo for three hours was not recrystallised further. The solvent-
free DPPH (3 .7 g) had a fluffy appearance, was needle-like, m.p.10?-108°,
and had 7\ 520 nm in S.V.R. ethanol.'max.
The purity of DPPH was determined by the iodometric method of 
Shigeo, Tazuke, Uno and Okamura^^^ (1965)» A sample of DPPH (80-IOO mg) 
was transferred to a titration flask and redistilled acetic anhydride 
(10 ml) was introduced. This solution was deoxygenated by the addition 
of crushed dry ice. Solid sodium iodide (I.O g) was added to the solution 
and then the titration flask was stoppered and left to stand for ten 
minutes. After this time, distilled water (50 ml) and benzene (15 ml) 
were added to the solution. The function of the benzene was to take up 
the coloured organic compounds and thus allow a clear end-point.
The mixture was now saturated with sodium sulphate to clear the 
aqueous layer and the liberated iodine was titrated with 0.01 N eddluai'. 
thiosulphate using starch solution (0.5%) as indicator. The purity of 
the DPPH sample was found to vary between 92-94%. However, this variation 
did not cause concern as the chief requirement was an accurate knowledge 
of the purity of the sample when used in a particular experiment.
63.
A recent method of DPPH analysis devised by Weil and Anderson^^^ 
('I963), using a simple titration procedure with thio salicylic acid, was 
found to give inconsistent results owing to difficulty in end-point 
determination.
(d) Galvinoxylo [2,6-di-t-butylM%-(-3,5-di-t-butyl-4-oxo-
2%3-cyclohexadiene-1-ylidene)-p-tolyloxy].
This stable free radical was first prepared by Coppinger^^^ (1957) 
but in this work it was prepared by a modification of the method of 
Kharasch and Joshi^ '^^ C 1957) » 2,6-Di-t-butyl phenol (21 g) and 36^ 
formaldehyde (13 ml) were dissolved in absolute ethanol (50 ml) and nitrogen 
was passed through the solution. A solution of sodium hydroxide (8 g in 
15 dlL of water) was slowly added and the solution was heated gently for 
20 minutes. A reaction commenced and soon a yellow solid was deposited 
on the sides of the flask. The crystalline compound (19 g, 83%), after 
filtration, was recrystallised from absolute ethanol (90 ml) to give 
colourless plates (l7=5 g) 1 m.p. 153-154°, (Lit, m.p. 154 ; 157.1-157-6 ) 
of 4,4 '-dihydroxy-3,5 ,3 ',5 '-tetra-teürbutyl diphenyl methane.(x v i l l ) .
t-Bu t-Bu
GILno on2
t-Bu
( m i l )
The second stage of this synthesis was a modification of the 
method of Bartlett and Funahashi"'®® (1962). A solution of the above 
intornediate (XVIII) (15 g) in anhydrous ether (550 ml)was stirred with
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anhydrous calcium sulphate (5 g) and lead dioxide (55 g) for 12 hours 
at room temperature under a stream of nitrogen in blackened apparatus.
After this time the solid residue was removed by rapid filtration through 
a Buchner funnel and was discarded. A further charge of lead dioxide (35 g) 
and anhydrous calcium sulphate (5 g) was added and the process was repeated 
for a further six hours. The solid residue was once again removed by 
careful filtration and the ether was removed under reduced pressure to give 
dark blue-violet needles of galvinoxyl (l4.5 g) (m.p. 155-154°).
The galvinoxyl was purified by rapid recrystallisation (X5)from 
deoxygenated light petroleum (b.p. 80-100°) (100 ml) to give deep violet 
needles of galvinoxyl (XIX) (4.5 g, 30^ ) with m.p. 155-154° (Lit. m.p. 155-2 - 
153.6° 157.5° 153°
t-Bu
Oil —
t-Bu 
(XIX)
The purified galvinoxyl had absorption maxima at 425> 550 and 772.5 nm 
with respective extinction coefficients of 154,000, 1,020 and 607- The purity 
of galvinoxyl was determined by the titration procedure of Greene, Adam 
and Cantrill^^^ (1961). Neither the purity of galvinoxyl nor that of 
BPPH could be determined by the dead-stop potentiometric technique as the 
electrodes do not become polarised at the end-point.
A sample of galvinoxyl (50-55 mg) was placed in a titration flask 
and "Pronalys" benzene (5 ml) was added. Deoxygenated glacial acetic acid 
(15 ml.) was introduced and the solution was deoxygenated by the addition
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of small pieces of dry ice. Solid potassium iodide (0.5 g) was added 
and the solution was stirred for 10 minutes in the dark. Boiled out 
distilled water (40 ml) was now added and the liberated iodine was 
titrated with freshly standardised 0.01 N sodium thiosulphate using starch 
(2 ml, 0 .5 )^ solution as indicator.
The purity of the galvinoxyl varied between but its
purity was known accurately for each experiment. Further attempts at 
purification resulted in intense résinification.
(e) 2,2'5,4,5,6-Hexafluorobiphenyl
Method (i) The synthesis of 2,2'5,4,5,6-hexafluorobiphenyl was 
attempted by means of the thermal decomposition of bis(oyfluorobenzoyl) 
peroxide in hexafluorobenzcne. Bis(oyfluorobenzoyl) peroxide was prepared 
by treatment of o_-fluoro benzoyl chloride with aqueous alkaline p y r o g e n  peroxide 
at 0°, as described in part (a) of this section for the preparation 
of bis(pentafluorobenzoyl) peroxide. A white crystalline product 
m.p, 67-68° (Lit. m.p. 66-67°)^^^ was obtained. Bis(oyfluorobenzoyl) 
peroxide (4.2 g) and hexafluorobenzene (50 ml, O.5  M) were refluxed for 
72 hours in a thermostat at 79°. After this time the excess hexafluorobenzene 
was distilled off and a yellow-brown oil remained in the flask. This oil 
was washed out with a (4 : I) mixture (50 ml) of petroleum ether (40-60°) 
and diethyl ether. The solution was passed down an alumina column and 
the biphenyl fraction was eluted. On removal of the solvent under reduced 
pressure, the eluate proved to be a pale yellow oil which would not 
crystallise. The yellow oil was distilled in vacuo at a pressure of 0.05 mm 
and a Wood's metal bath temperature of 100-15Q°. The distillate remained 
as an oil which could not be crystallised (0.5 g» 12.5^ ). Gas 
chromatography showed that the oil consisted of three main components 
which were inseparable even by preparative gas chromatography.
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Method (ii) The second method of preparation involved the 
action of amyl nitrite on o-fluoroaniline in hexafluorobenzene. This 
method of phénylation using amyl nitrite has been described in some 
detail by Cadogan (1962). oyFluoroaniline (5-5 g), hexafluorobenzene 
(60 ml) and amyl nitrite (5*8 g) were allowed to react until the evolution 
of gas uad ceased. The mixture was then boiled under reflux for two 
hours. The excess solvent was boiled off and the dark brown residue 
was distilled in vacuo at O.O5 mm and at a Wood’s metal bath temperature 
of 100-150°. The distillate was collected as a pale yellow oil. This 
yellow oil was dissolved in petroleum ether (50 ml) (b.p. 40-60°) and the 
solution was chromatographed on an alumina column using more petroleum 
ether as eluant. The alumina column removed most of the yellow colour from 
the product. The petroleum ether was removed on the rotary evaporator 
and the product was obtained as a pale yellow crystalline compound. The 
compound was recrystallised from petroleum ether (b.p. 40-60°) to give a 
yellow solid m.p. 55-55° (5*0g, 25^ ), Gas chromatography indicated the 
presence of several minor impurities and the product was purified using 
a Perkin-Elmer F21 preparative gas chromatograph. This gave a white 
crystalline solid (2.6 g) m.p. 56-57°* (Found: C, 54*66; H, I.7S; F, 45*44.
requires C, 54*97; H, 1*54, F, 45.48$^ ).
The infrared spectrum of this product was recorded and the following 
absorption bands were obtained.
Strong, 1550, 1500, 1460, 151O, 1250, IO60, 990, 875, 760 cm ^
Weak, 1270, 1110, 805 cm"\
Method (iii) oyFluoroaniline, pentafluorobenzene and amyl nitrite 
were boiled under reflux for 2 hours as in method (ii). The excess solvent 
was distilled off and the product mixture was worked up as before. Gas 
chromatographic analysis indicated the presence of only a trace of 
2,2’,5,4,5,6-hexafluorobiphenyl.
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C f; Phenyl Pentafluorobenzoate
This compound was prepared by means of the Schotten-Baumann 
reaction. Pentafluorobenzoyl chloride (10 g), phenol (10 g) and 
pyridine (lOO ml) were shaken for 45 minutes. After this time, water 
(50 ml) was added and the precipitated crystalline product was filtered 
off. The product, which consisted of fine white needles, was recrystallised 
from aqueous methanol (7*3 g, 59%)(m.p. 66-67°). (Lit. m.p. 66-67°)^ ^^ .
The infrared spectrum of this ester was recorded and the absorption 
bands were as follows.
Strong, 1770, 1500, 1340, 1220, 995, 940, 810, 740, 690 cra”^
Medium, 1670, 1430, II60, 1095, 905, 835, 780 cm"\
The carbonyl absorption at 1770 cm is in agreement with the 
value obtained by Filler, White, Kacmarek and Solomon^ "^ "* (1966).
(g) Pentafluorophenyl benzoate
113This compound was prepared by the method of Birchall and Haszeldine 
(1959)* Pentafluorophenol (10 g) benzoyl chloride (13 g) and pyridine 
(100 ml) were shaken in a stoppered flask for one hour. The resulting 
precipitate was filtered off and the product was re crystallised from 
aqueous ethanol to give fine white needles (9*4 g, 60 )^ (m.p. 75-74°).
(Lit. m.p. 75-76°). The,infrared spectrum of this compound was recorded, 
strong, 1765, 1540, 1255, 1040, 1020 , 990 , 700 cm"’'
Medium, l6lO, l4?0, 11?0, 1l40 cm""'.
The carbonyl absorption at 1765 cm agrees with the value obtained
by Filler, et^  al,^ ^^ .
(h) Pentafluorophenyl pentafluorobenzoate
This ester was prepared by the method of Filler, White, Kacmarek 
and Solomon^(1966). A mixture of pentafluorobenzoyl chloride (11 g) 
and pentafluorophenol (8 g) was heated under reflux for 72 hours. After 
this time, the excess pentafluorobenzoyl chloride was distilled off and 
a brownish-white residue remained.
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The residue was dissolved in petroleum ether (b.p. 40-60°) 
and the solution was twice chromatographed on an alumina column. • The ; 
petroleum ether was removed using a rotary evaporator. The ester'-was 
purified by vacuum distillation (b.p. 68-70° at 0.02 mm) to give a white 
solid which on recrystallisation from absolute ethanol gave white needles 
(8.7 g, 48%)(m.p. 36-37°). (Lit. m.p. 36°5-37*5°)^^^. The infrared spectrum 
of this compound was recorded and the following absorption bands were 
obtained.
Strong, 1780, 1540, 1415, 1335, 1190, 1000, 905, 8OO cra‘^
Medium, 1660, 1145, 1135, IO9O, 760, 705 cm“\
The carbonyl absorption at 178O cm  ^agreed with the value obtained 
11?
by Filler et. al.
2, Preparation and Purification of Inorganic Compounds
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(a) Fieser's Solution (1924)^^^
This reagent is a useful absorbent for oxygen and can be used as 
a wash liquid for removing traces of oxygen from nitrogen.
Sodium dithionite (15 g) was dissolved in a solution of potassium 
hydroxide (20 g in 100 ml of boiled-out distilled water) containing a 
small quantity of sodium anthraquinone-^-sulphonate (2 .0 g). The water 
soluble quinone produced a blood red solution which had a strong affinity 
for oxygen. This solution when cooled to room temperature will absorb 
750 ml of oxygen.
(b) Nitrogen
The "oxygen-free” grade of nitrogen was used throughout and was 
purified by passing it through two gas bubblers containing alkaline 
pyrogallol [potassium hydroxide (2 .0 g), pyrogallol (15 g) in boiled out 
distilled water (lOO ml)] linked to two more containing Fiesers solution.
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This procedure removed the last traces of oxygen from the 
incoming nitrogen gas. The gas was then dried bypassing it through 
three drying tubes. The first tube contained activated alumina supported 
on anhydrous calcium chloride while the second tube contained pellets of 
a molecular sieve (BDH, Type 5A, Aluminium Calcium Sulphate). Finally 
the gas was passed through a drying tube (length 3 ft) containing anhydrous 
calcium chloride.
In all the experiments the outlet tube from the apparatus was 
connected to a gas bubbler containing water. This aid served as an 
indication that the apparatus was free from leaks.
(c) Sodium thiosulphate
The stock solution was prepared by placing the contents of an 
ampoule of volumetric concentrated sodium thiosulphate solution (BDH) in 
a one litre volumetric flask and making up to the mark with boiled-out 
distilled water, This solution was approximately decinormal and conta.ned a 
few drops of chloroform in order to inhibit bacterial oxidation of the 
thiosulphate. This stock solution was stored in a dark cupboard Standard 
solutions, varying from 0.005 N to 0.015 N, were prepared by taking aliquot 
portions of the stock solution and making up in volumetric flasks of the 
appropriate capacity using boiled-out distilled water. These solutions were 
standardised before each kinetic run against standard potassium iodate by 
the "dead-stop" method.
3. Purification of Solvents
(a) Benzene
Benzene ("Pronalys" grade, Hopkins and Williams Ltd) was shaken with 
successive portions of concentrated sulphuric acid untflL the washings were 
colourless. It was then washed with distilled water, saturated aqueous 
sodium bicarbonate solution, and finally with more distilled water. This
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benzene was then dried by shaking with powdered anhydrous calcium chloride 
and was allowed to stand over fused anhydrous calcium chloridfe (3 -8 mesh) 
for five days. After this time, the calcium chloride was replaced 
and drying was allowed to continue for a further three days. The benzene 
was finally distilled through a 6 ft column packed with Fenske glass 
helices. The colurr.n heating jacket and the mantle heater for the 
distillation flask could be regulated by variable resistors. The 
temperature inside the column heating jacket was maintained at 65°.
Some benzene vapour was returned to the flask by a still-head of the total 
reflux, partial take-off type and the fraction boiling at 80.5° was collected.
The pure benzene was examined for impurities by gas-liquid 
chromatography. The product was found to be pure.
(b) g.uorobenzene. Chlorobenzene, and Bromobenzene.
All these solvents were purified in a similar manner to that given 
above. Since smaller quantities of these solvents were required, the 
fractional distillations were carried out using a smaller distillation 
apparatus employing a 2 ft column packed with Fenske glass helices. The 
column heating jacket temperature was adjusted in each case to about 10° 
below the boiling point of the respective solvent.
With chlorobenzene and bromobenzene, the fractions boiling at 
132° and 156° respectively were collected and their purity was once again
checked by gas-liquid chromatography. In all three cases the column
heating jacket temperature was adjusted so that it was from 10-20° below 
the boiling point of the solvent.
All solvents appeared to be chromatographically pure and were 
therefore suitable for further use.
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(c) Hexafluorobenzene
The method of purification of hexafluorobenzene (supplied by 
Imperial Smelting Corporation Ltd.,) was the same as that described 
for the purification of benzene and the monohalogenated benzenes. As 
in the case of the latter the smaller fractional distillation apparatus 
was employed. The initial gas-liquid chromatogram showed the presence 
of four minor impurities three of which were identified as benzene, 
pentafluorobenzene and 1,2,3,5"tetrafluorobenzene. The fourth impurity 
was thought to be either a fluorinated cyclohexene or cyclohexadiene.
The chromatogram of the purified product indicated that the three identified 
impurities had been removed but there was still a minute trace of the 
unknown impurity present. The purified hexafluorobenzene was therefore 
redistilled twice and the fraction boiling between 80 .2 and 80.6° was 
collected. The final purified product showed only a very small trace of 
the impurity (< 0 .1%) and was therefore considered to be suitable for further 
investigations.
Due to the high cost and the small quantity of this solvent 
available, a recovery operation was necessary. After each kinetic 
experiment the residues were collected in a residue bottle. Residues 
were collected from the inhibited decomposition, total decomposition and 
product distribution experiments. Eventually they were treated in the 
following manner.
One volume of a 50% (v/v) aqueous solution of acetone was added to 
the residues and to this mixture was added an excess of potassium iodide.
The mixture was shaken for one hour and was then allowed to stand for
three days. The function of the iodide was to reduce any remaining galvinoxyl
to the corresponding anion and any benzoyl peroxide to benzoate anion.
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After this time the acetone-water layer was decsinted off and 
the hexafluorobenzene layer was thoroughly washed with 0 .0 5 N sodium 
thiosulphate solution until the iodine colour had been completely removed 
from the hexafluorobenzene layer. This layer was now washed with distilled 
water (x3 ) and the impure hexafluorobenzene was separated.
The purification procedure now followed that used for the initial, 
purification of the hexafluorobenzene as received from the' manufactûfeiro - 
It was found that up to 85% of the hexafluorobenzene could be recovered 
using this technique. Gas chromatography showed that the recovered solvent 
was cromatographically puTe.
(d) Perfluoromethyl cyclohexane, perfluoro-(1,5-dimethyl-
cyclohexane), perfluorodecalin and perfluoro-(1-methyldecaljn).
These four perfluoroalicyclic solvents, which were kindly donated 
by Imperial Smelting Corporation Ltd., were dried (CaCl^ ) and distilled. 
Their purity was determined by gas chromatography.
Perfluoromethylcyclohexane and perfluoro-1,5-dimethylcyclohexane 
both showed two small impurity peaks after the main solvent peak. Perfluoro- 
1-methyldecalin showed three minor impurities on its chromatogram, two 
before and one after the main solvent peak. The perfluorodecalin was a 
mixture of the cis and trans isomers (7!^  trans; 25% cis) with 2% of 
impurities. The gas chromatogram showed two impurity peaks before the 
two main solvent peaks.
Perfluoroalicyclic compounds are prepared by stepwise fluorination 
of the hydrogen analogues using AgF^^^ or CoF^^^ in a stream of nitrogen 
at 300°. Hydrogen containing compounds are therefore common impurities 
in these solvents and an attempt to remove them from the fluorinated
115
cyclohexanes was made using the technique developed by Glew and Reeves
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Each solvent was refluxed with aqueous potassium permanganate 
(Oo1 N) for one hour and was then removed by steam distillation. The 
perfluorinated cyclohexane was separated, dried (CaCl^ ) and redistilled. 
Gas chromatography showed that impurities had been removed from each 
solvent. The perfluorodecalins were purified by fractional distillation 
but minute traces of the initial impurities were found to be present.
Perfluoromethylcyclohexane b.p. 76-77° (Lit. b.p. 76.14°)^^^
Perfluoro-1,3-dimethylcyclohexane b.p. 100-101° (Lit. b.p. 101-102°)^^ 
Perfluorodecalin (cis:trans mixture)b,p. l4l-l42°
(Lit. b.p. (cis) 142.3°)^^^
(Lit. b.p. (trans) l4l°)^^^
Perfluoro-1-methyldecalin b.p,l60-l6l° (Lit. b.p. l6l°)^ ^
4. Purification of Reference Compounds
All literature melting points have been taken from the "Dictionary
117of Organic Compounds" by Heilbron and Bunbury unless otherwise stated.
The following compounds were all recrystallised from absolute ethanol 
to constant melting point.
m.p. Lit. m.p.
2,3,4,5,6-Pentafluorobiphenyl 
Decafluorobiphenyl (I.B.C.)
111-112°
68-69°
110-111°
68-69°
Biphenyl (Hopkins and Williams) 70-71° 71°
Phenyl benzoate (B.D.H.) 69-70° 70°
o-Terphenyl (Koch-Light) 38° 58° 120
p-Terphenyl ( " " ) 212° 213° 121
The above compounds were recrystallised from ethanol. All quaterphenyl
samples were used without further purification.
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iDoPc Lit, m.p.
0 , 0 '-Quaterphenyl 117-118° 118-119°
o,p’-Quaterphenyl 1l8-120° 120-120.5°
p,p’-Quaterphenyl - 520°
Pure samples of 2,3,^,5,6-pentafluorobiphenyl and the three isomeric 
quaterphenyls were kindly donated by Drs. P.H. Oldham and B.N. Dailly.
Benzoic Acid
The "AnalaR" grade reagent was recrystallised from water and was 
obtained as colourless needles, m.p. 121-122° (Lit. m.p. 122°).
Pentafluorobenzoic Acid
The acid as supplied by I.8.0. was recrystallised from light 
petroleum (b.p. 60-80°), to give colourless needles, m.p. 105-104°
(Lit. m.p. 105-104°)^2^.
2 ,2^4-T rime thylpentane
The B.D.H. "spectroscopic reagent was used without further purification 
and had a specification of 95% minimum transmission in a 10 mm cell at 
250 nm.
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SECTION G. Analytical Procedure
1. Determination of the Rate of Unimolecular Decomposition of 
Diaroyl Peroxides
(a) Free Radical Scavengers
A convenient method of measuring the rate of unimolecular decomposition
of a diaroyl peroxide in a solvent is to follow spectrophotometrically the
disappearance of a highly coloured free radical scavenger. Several such
scavengers are described in the literature but perhaps the most important
is the sterically hindered phenoxy radical 2 ,6-di-t-butyl-a-(3 )5”di-t-butyl-
4-oxo-2r5-cyclohexadiene-1-ylidene)-p-tolyloxy, first prepared by Galvin M.
Coppinger^^^ (1957) and known as "Galvinoxyl". Another free radical
scavenger used in this work was 2 ,2 '-diphenyl-1-picryl hydrazyl which was first
97prepared by Goldschmidt and Renn (1922). Doubts have been expressed as 
to the usefulness of this compound as a free-radical scavenger. Galvinoxyl 
has been shown to react quantitatively with oxygen and carbon centred free 
radicals and also it may be readily purified^^^.
The essential properties of a scavenger may be summarised as 
follows. It must be stable in the solvent, it must not undergo a direct 
reaction with the peroxide and it must also react efficiently with free 
radicals immediately these are produced by the homolytic process,
Galvinoxyl is a reasonably stable compound and may be obtained as
a crystalline solid in a high state of purity (> 95^ )• It decomposes
109slowly in the presence of oxygen but is found to decompose more 
rapidly by an autocatalytic route when in solution.
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DPPH can be obtained as a stable crystalline solid in an almost similar state
of purity (> 90^). It reacts with oxygen in the solid state and its
adsorption of oxygen has been studied by Kiraly, Fejes, Tudos and Azori^^^.
127Investigations by Revina and Bakh on the adsorption of oxygen using
an e.s.r. technique have proved inconclusive but they have reported that
DPPH reacts with oxygen in benzene solution according to
DPPH + 0_  1 (DPPHoO^) ........ (108)2 ^  2
This process was found to consume 13 kcal mole
The spectra of DPPH and galvinoxyl, in the visible region, in
2,2,4-trimethylpentane, showed absorption maxima at 520 nm for DPPH and 
425 nm for galvinoxyl. The optical densities of both compounds in this 
solvent were found to vary linearly with concentration over a twenty fold 
concentration range and therefore both systems obeyed Beer's Law. The 
products of the decomposition of the excess diaroyl peroxide in the presence 
of these inhibitors were found to have a neglible effect on the optical 
density at the concentration used. Excess peroxide was necessary in order 
that the reaction half-lives were not too large.
(b) Kinetic analysis
The optical density, D of an absorbing solution of a free-radical 
scavenger, is given by the Beer-Lambert Law.
D = log^Q I^  = G.[s].l.   (109)
r~
where I and I are the incident and transmitted light intensities, respectively, 
o
c is the extinction coefficient, 1 is the path length of the absorbing solution 
and [s] represents the concentration of the free-radical scavenger.
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For a solution obeying Beer's Law the change in optical density 
is given by
^  . d (I/I,) = cl. qsl ........ (110)
 at----------
The graph of log^^ against time was found to be linear for the two
scavengers used and so it follows that d log^^ (I/l^)/dt and d[s]/dt 
are constant. It can therefore be concluded from this observation that 
as the rate of disappearance of the scavenger is independent of its 
concentration, the measured change is not a direct reaction between the 
scavenger and the diaroyl peroxide. The rate of disappearance of the 
scavenger followed a zero-order rate law. If a reaction had taken place 
between the scavenger and the peroxide then clearly the kinetic rate law 
would have been of the form
'dl~ = k [P][s] ........ (Ill)
where [P] denotes the peroxide concentration and k is a constant.
However, the peroxide was present in large excess and its 
concentration may therefore be taken as constant, Equ.(111) would then 
approximate to the following and the disappearance of the scavenger would 
then obey a first-order law.
-dCs]
dt = K Cs] ........ (112)
This first-order law was observed in the case of perfluorobenzoyl 
peroxide with galvinoxyl. However, this problem was rectified when DPPH 
was used as inhibitor and then a zero-order expression was followed.
The zero-order rate law can only result if there is a fast reaction 
between the inhibitors and the free radicals produced by the thermal 
dissociation of the diaroyl peroxide.
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k.
(ArCOO)^ ^  2ArC00= Slow ___.... (II3)
ArCOO" + G  > Products Fast   (114)
then:-
-d[s] = -d [ArCOQ.] = 2 k [(ArCOO) = 2 k [P] ........ (II5 )
dt dt
Since there is a large excess of peroxide, [P] can be regarded as constant 
and hence -d[s]/dt will be constant.
The first-order rate law for the peroxide decomposition is:-
= loSlO  S     (116)
t a - X
where a is the initial peroxide concentration and x is the concentration of 
peroxide which has decomposed after a time t.
The stoichiometry of the inhibited decomposition of the peroxide 
indicates that the concentration of the inhibitor reacted at time t will be 
equal to 2x.
If the optical density of the solution is at time t = 0 and
D - DD^  at time t, when the fraction of inhibitor reacted is o t and the
Do
fraction of peroxide which has decomposed is given by;-
- . °o ' \  = -    (117)
2j
where j is a constant and is equal to the initial molar ratio of peroxide 
to inhibitor.
3 = ....___ (118)
• (Do - Dt)   (119)X = a
Do
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From equation (116)
k, = 2 .303 log_ a ........ (120)
t a D - ELa  . o t
2j
= 2.303 log^Q 2j ........ (121)
' ' (23 - 1) 4. D;
on rearranging
log^Q [D^(2j - 1) + D^ ] = log^Q 23 t ........ (122)
27303
A graph of log^^ [D^  (2j - I) + D^ ] against time should be a strai^it 
line with slope equal to k^/2 .303 sec \
(c) Experimental procedure
The reaction flasks were made from 250 ml round-bottomed flasks with 
B .19 sockets. They were modified by the provision of two side arms, one B.10 
and the other B.l4 and a nine inch extension was added to the central B.19 neck. 
The B.10 socket held the nitrogen inlet which provided a constant stream of 
nitrogen and the B.l4 socket permitted the entry of a sampling pipette. All
joints were sealed with teflon sleeves of the appropriate size so that
evaporation of the solvent was reduced to a minimum.
An earlier literature survey had indicated that inhibitors reacted 
with oxygen when in solution^^^'^^^ so a very rigorous method of solvent 
deoxygenation was carried out. The pure solvent (usually 60 ml) was 
deoxygenated by boiling under reflux for three hours in an atmosphere of dry, 
oxygen-free nitrogen. After this time the flask was transferred to the 
thermostat and allowed to reach thermal equilibrium over a period of six hours. 
The thermostat was filled with a high boiling oil (Shell Eisella) which was 
suitable for thermostatic baths. The B.19 socket was connected to a reflux
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condenser the outlet of which was connected to a bubbler containing
tube
sufficient mercury so that the inlet/just dipped below the surface. This 
arrangement acted as a valve, permitting the nitrogen to leave the system 
but preventing air from entering. The outlet from the system was connected 
to a simple bubbler so that it could be checked for leaks at all times.
Diaroyl peroxide and inhibitor were weighed into a small glass 
dish on a semi-micro balance and were carefully added to the solvent by 
means of the long B .19 neck. For this operation the glass dish containing 
the two compounds was placed on the pre-heated flattened end of a long glass 
rod and was slowly lowered into the reaction flask. The flask was now 
swirled for one minute so that the compounds could dissolve completely.
Samples of the solution (approx. 3 ml) were withdrawn at predetermined- 
intervals through the B.14 side arm using a wanned pipette and were discharged 
into a nitrogen filled B.19 test tube. .The samples were immediately 
quenched in an ice-salt freezing mixture and when they had warmed up to room 
temperature an aliquot portion was removed using an ”Agla*' micrometer syringe. 
The accuracy of this instrument was such that ten revolutions of the screw
“t"delivered 0.1000 - ,0001 ml of this solution and this quantity was diluted 
to 5 ml using deoxygenated 2,2,4-trimethylpentane.
The optical density of the diluted solution was determined in 1 cm 
silica cells, using a Unicam S.P.500 spectrophotometer, at the appropriate 
wavelength. - The reference cell was filled with pure deoxygenated
2,2,4-trimethylpentane.
The initial optical density of the solution, D^ , was determined by 
extrapolation from the graph of optical density against time. This graph 
was usually found to be linear and so D^  could easily be read off at t = 0.
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Values of were used to calculate values of the function log^^
[D^(2j - l) + D^ ]. This function when plotted against time gave a straight 
line graph of slope k^/2.303» Accurate values of j were calculated from the 
previously determined purities of the inhibitors and the peroxides. Hence 
a value for k^ , the rate constant for the unimolecular dissociation of the 
peroxide, was obtained.
The experiment was performed with different initial quantities 
of peroxide but the initial quantity of inhibitor usually remained the 
same in each experiment. For galvinoxyl, this quantity was approximately 
3 rag and for DPPH it was approximately 5 mg. This ensured that a suitable 
range of optical density was covered while the varying quantities of peroxide 
employed ensured that the experiments were carried out with various values 
of j. The variation in the half-life was found to be large but the object 
of this was to make sure that k^  did not depend upon the value of j.
Each experiment was duplicated,
2, Determination of the Total Rate of Decomposition ofDiaroyl
Peroxides.
(a) Quantitative estimation of peroxides
An iodometric method was employed which depended on the quantitative 
oxidation of iodide to iodine by the peroxide. This reaction has been used 
by many workers and can be represented by the following equation:
(ArCOO)g + 2KI --- > 2ArC00K + ........ (123)
Diaroyl peroxides are fairly insoluble in water and so the reaction has to 
be carried out in aqueous acetone in which both reactants are soluble. The 
iodine is liberated both rapidly and quantitatively and is estimated by 
titration against freshly standardised sodium thiosulphate solution. The 
end-point can be determined colourimetrically using aqueous starch (0.3^ ) 
as indicator but in this work all end-points were found using a continuous- 
reading potentiometric method employing polarised platinum electrodes and
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known as the "dead-stop" potentiometric technique. This method of iodine 
estimation is not only highly sensitive and accurate but also it gives the 
observer a continuous indication of the approach of the end-point even in a 
highly coloured solution. However, all air must be excluded from the reaction 
vessel owing to the possibility of autoxidation of the iodide and for 
this reason, all determinations were carried out under nitrogen.
(b) Theory of the "dead-stop" method
The "dead-stop" technique employing polarised metal electrodes
128was first described by Foulk and Bowden (1926). The principle of the 
method is such that if a small potential difference (10-20 mv) is applied 
across a pair of identical platinum electrodes immersed in a solution, then 
little or no current flows provided that the solution contains no depolarising 
species. Such a system will not conduct because of the formation of layers 
of adsorbed oxygen and hydrogen on the anode and cathode respectively.
In the estimation of iodine by titration with standard sodium 
thiosulphate solution, the anode remains depolarised throughout owing to the 
presence of both thiosulphate and iodide anions.
2 8^0^^" + 0 + H^O -- ^---------------------------....--- (124)
2 r  + 0 + H^O -- > I^  + 20H"   (125)
Free iodine, however, acts as a cathode depolarising agent.
I^  + 2H -----> 2 H* + 2 I" ....--  (126)
Both electrodes are depolarised throu^out the titration so long as iodide 
ions and iodine are present to act as depolarisers. At the end-point, all the 
free iodine has disappeared and hence the cathode becomes polarised. When this 
point is reached, the circuit galvanometer shows zero or nearly zero deflection 
because current now ceases to flow through the circuit.
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The reaction
+ 2 e  ----1 2 1" ....... (127)
is a reversible redox system. The quantity of reduced at the cathode equals 
the quantity of iodide ion oxidised at the anode.
The reaction
2 + 2 e . . . . . . . .  ( 128)
is, however, not reversible and hence tetrathionate anions are not cathode 
depolarising agents.
3c Experimental Procedure for the Dead-Stop Method.
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(a) Description of apparatus
The apparatus for the peroxide titrations consisted of a three-necked 
250 ml flask which had two B.l4 side arms and a central B,24 socket. The 
Bol4 inlets accommodated the two platinium electrodes which were made by sealing 
platinium wires into the ends of two B.l4 air-leaks. Electrical contact 
to the electrodes was achieved by partly filling the adapted air-leaks 
with mercury. Copper terminal rods, which dipped below the surface of the 
mercury, led away from the upper ends of the electrodes. They also had 
fitted side arms and hollow glass jackets which served as nitrogen inlets 
and outlets.
The electrodes were connected to a "Pye Universal" precision 
potentiometer fitted with a 2-volt accumulator as a power cell and a Weston 
cadmium cell as a standard. An indication of the current was provided by a 
"Pye Sealamp" centre-zero light spot galvanometer which was connected to the 
galvanometer output terminals of the potentiometer. The smooth platinum 
electrodes were regularly cleaned with aqua regia in order to ensure good 
response.
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(b) Experimental technique
The electrodes were immersed in a blank titration solution containing 
an excess of thiosulphate. A slight deflection was produced on the 
galvanometer due to the back e.m.f. of polarisation but this was reduced to 
zero by applying a suitable potential difference across the electrodes. This 
back e.m.f., which exists at the end-point, was effectively balanced out and 
usually the applied potential difference required to do this was of the order 
of 10-20 mV„ The electrodes were thoroughly washed with distilled water 
and inserted into the B„l4 side arms of the titration flask.
An aliquot portion (from 2-10 ml) of the diaroyl peroxide solution 
was measured out into the flask using a Grade "A" pipette. The nitrogen 
supply was turned on and the flask was purged of all air. "AnalaR" potassium 
iodide (0 .5 g)» boiled-out distilled water (5 ml) and just enough deoxygenated 
acetone to make the mixture homogeneous (20-30 ml) was now added to the peroxide 
solution and the solution was stirred magnetically for five minutes in the 
dark in order to ensure complete liberation of the iodine.
After this time, boiled-out distilled water (40 ml) was added to the 
solution which was stirred vigorously. The standard solution of sodium 
thiosulphate (0.005 M - 0.015 M), contained in a "Grade A" burette (lO,50 ml), 
was run into the titration flask through the central B.24 neck until the 
iodine colour changed from red-brown to pale yellow. At this stage it was
found that on pressing the potentiometer circuit key the galvanometer
deflection was on the scale.
The deflection was reduced to zero or nearly zero by the addition of
fractional quantities of the thiosulphate solution. The final titre was read
off when this position was reached. The burette was inserted through a B.24 
rubber stopper so that the nitrogen passed from the flask out of one of the
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electrode outlets. Throughout the titration the sensitivity of the 
galvanometer was increased until at the end-point the highest sensitivity 
range (Range 1) was employed. This not only avoided overshoot of the end­
point but also protected the moving-coil of the galvanometer.
The sensitivity of the method is dependent on the internal resistance 
of the contents of the titration vessel and therefore on the dielectric 
constant of the solvent. For this reason, in order to obtain the greatest 
sensitivity, the xolume of the solution was kept to a minimum and a large 
ratio of water to acetone was used.
Near the end-point the galvanometer sensitivity was such that for each
0 .0 5 ml of 0,01 N sodium thiosulphate solution (for example), the galvanometer 
deflection was reduced by 1 cm. Aerial oxidation of iodide to iodine was 
examined, using blank titrations, but no free iodine was detected.
4« Experimental Procedure for "Total Rate" Kinetics
The correct amount of dry purified solvent (less 5 ml) for the total 
rate experiment was placed in a three-necked 250 ml flask as described earlier 
in this section and was deoxygenated by refluxing under nitrogen for three 
hours. After this time the flask was allowed to cool and the B.l4 stopper 
was replaced with a sampling device. The B.10 socket held the nitrogen inlet 
tube and this was left in position.
The sampling device consisted of a capillary tube, which was sealed 
into a B.l4 air-leak and which reached down to the bottom of the reaction 
flask. Approximately five centimetres above the top of the adapted air-leak, 
the capillary was bent at an obtuse angle so that it was horizontal Six
centrimetres from this obtuse angle the tube was bent at right angles and led
into a glass cap which had a side arm and a B,19 ground glass joint on which
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Bo 19 sampling test tubes could be fitted. The upper end of the glass cap 
was joined to the capillary with the aid of a silicone rubber tube which 
was sealed to the tube by sealing Wcix. The side arm on the sample tube holder 
was connected to a 3~way tap on a nitrogen manifold. One tap position 
delivered dry oxygen-free nitrogen to the reaction flask via the sampling tube 
and the capillary tube while the other tap position delivered nitrogen to 
the reaction flask through the inlet tube inserted in the B.10 neck. A 
simple glass tap was inserted in the sample tube line so that when the 3-way 
tap was closed, suction could be applied to the system and a sample of the 
reaction solution could be drawn into the sampling tube. Adhering droplets 
of the peroxide solution in the capillary tube were blown back into the 
reaction flask by simple reversal of the taps.
The reaction flask was transferred to the thermostat and was allowed to 
reach thermal equilibrium over a period of five hours. A small quantity of 
the solvent (5 ml), used as a wash solvent, was deoxygenated by the addition 
of a few chips of dry ice and was then placed in the thermostat. The required 
quantity of the diaroyl peroxide was then transferred to the flask by way of 
the long central B.24 neck and any peroxide adhering to the neck was washed 
down.using the 5 ml of pre-heated deoxygenated wash solvent. The reflux 
condenser was replaced and the flask and contents swirled for two minutes 
to ensure complete dissolution of the peroxide. The upper end of the 
condenser was coranected to the one-way mercury va^ve as described in 
Section G1 (c). This ensured that the reaction was carried out under nitrogen 
and that no air entered the system.
Approximately one minute from sampling a test tube was attached to the 
sampling device and a few mis of reaction solution were drawn into the tube 
so as to rinse the capillary. A dry sample tube, filled with nitrogen was
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attached and a suitable quantity of reaction solution for an estimation was 
drawn off. The sampling tube was stoppered and quickly quenched in an 
ice-salt freezing solution. Samples were taken at regular intervals and 
all sampling operations were carried out within ten seconds.
The samples were allowed to warm up, to room temperature and aliquots 
were taken using Grade "A" pipettes (1,2,3,5 and 10 ml). The peroxide 
content of each sample was determined by the dead-stop technique described 
in Section G2 (b).
Owing to the high sensitivity and accuracy of the analytical technique, 
duplicate estimations on samples were found to be unnecessary.
5. Treatment of Kinetic Data
Using the total rate experimental technique it was possible to follow
the molar concentration of diaroyl peroxide, [P], as a function of time t,
for a wide range of initial peroxide concentrations, [PJ^ . A graph of
loglO [P] against t was plotted for each kinetic run (i.e. each initial
peroxide concentration ranging from 0.008 M - 0.2 M) as these reactions
were expected to show approximately first-order kinetics.
In each case the graphs obtained were straight lines of slope
k^/2 .303 which is the value expected for a true first-order reaction.
The rate expression
-d[P] = k. [P] moles lit,  ^sec  ^ ........ (129)
—  '*
for the first-order process
p -----> Products ........ (130)
can be arranged to give
= -din [P] = k^.dt    (131)
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If the initial peroxide concentration [P]^  is reduced to [P] after time t 
then
[P] t
d In.... [P] = 1 ........ (132)
[P] oo
Since
I d in [P] = in. [PJ + constant (133)
(132) becomes
-In CP] + In [P]  ^= - = k,,t ........ (134)
o
or In.' [PJ = In [P]^  - k^t
ice. log^Q [P] = log^Q [P]^  - k^t/2,303 ........ (135)
In this work the peroxide was weighed out accurately for each 
experiment although the initial peroxide concentrations, [P] , wereo
determined by the intercept of log^^CP] against t at t = 0.
The first-order rate constants, k^ , obtained from these experiments 
were designated k^  (observed) and these were studied as a function of the 
initial peroxide concentration, [P]^ .
The rate law governing the thermal decomposition of the diaroyl peroxides 
in aromatic solvents has been shown to consist of two terms, one representing 
the unimolecular dissociation of the peroxide to give two aroyloxy radicals 
and the other representing the induced decompojsition of the peroxide by 
radicals derived from the initial source. The nature of the induced 
decomposition can be determined by observing the dependence of the first-order 
rate constant, (k^  observed), on the square root of the initial peroxide 
concentration, [P]^"^
The rate law governing the thermal decomposition of a diaroyl peroxide 
in an aromatic solvent may be represented by the expression:
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= k^[P] + f[P] ........ (136)
where k^[P] represents the unimolecular dissociation to give two aroyloxy 
radicals and /[P] represents the induced decomposition which is expected 
to be a "function of [P]".
Dividing throughout by [P];-
CP] ■ = k,^ (observed) = + f [P]    (1 3 7)
[P]
The induced decomposition may be one of three kinetically distinguishable types:-
(a) 1 f  4 [p] = k^  [P] then the induced decomposition will be a first-order
process and the kinetic expression will be:-
k^(obs) = k^  + k^ ' ........ (138)
The graph of k^(obs) against [P]^°^ will be a straight line of zero slope 
because all values of k^(obs) at all values of [P]^  will be the same. Under
these circumstances the value of the first-order rate constant for the induced
decomposition can be found with the aid of free-radical inhibitors.
(b) I / j ' [P] = k^  ^ [P]^°^ then equation (137) becomes:-
k^(obs) = k^ + k^  ^ [P]°'5 ........ (l40)
and the graph of k^(obs) against [P]°°^ will give a straight line of slope k^
The intercept at [P]^  = 0 will give the value of k..^ which can be compared with
the value of k^  obtained by experiments with inhibitors.
(c) Finally if j  [P] = k^  ^[P]^*^ then:-
k^(obs) = k ^ ^ l ^
CP]°-5 ^
and the graph of k^(obs) against [P]^ " will give a hyperbola. This rate
expression is rare and only induced decompositions of types (&) and (b) 
were observed in this work.
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6= Quantitative Estimation of the Products of the Thermal
Decomposition of Diaroyl Peroxides in Aromatic Solvents.
In order for a kinetic investigation to be complete it is essential 
that the observed kinetics can be correlated with the distribution of the 
reaction products. The nature of the products, their distribution, and the 
kinetic data are the factors which give information regarding the mechanism 
of a reaction. In the case of the reactions of diaroyl peroxides with 
aromatic solvents the observed kinetics depend on the termination reactions.
If a diaroyl peroxide (Af.COO)^ , is allowed to decompose in a benzene 
derivative of the type, PhX, then the major products formed are:- 
an arenecarboxylic acid ArCO^H; a mixture of three isomeric biaryls of 
the type Ar.C^H^X; a mixture of three isomeric esters of the type Ar.COO.CgH^X 
and usually a high-boiling residue containing derivatives of tetrahydro- 
quaterphenyl. Minor products of the reaction include a biaryl, Ar-Ar; an 
ester Ar.COO.Ar; dihydrobiaryl ArC^H^X; terphenyl and quaterphenyl derivatives.
If a first-order induced decomposition of the diaryl peroxide is 
observed then the product distribution results should show high yields of
acid, ArCO^H; moderate yields of biaryl, Ar.C^H^X; and a small quantity of 
high-boiling residue. However, if a 1.5-order induced decomposition is 
observed then the product distribution should show low acid yields, and largo 
yields of both biaryl and high-boiling residue.
It is for these reasons that an effective and accurate method of 
product estimation is desirable for complete analysis of the reaction.
The method of product analysis used in this work is outlined below.
(i) Initially, a reaction solution (approx. 0.10 M) was prepared on 
which purely qualitative experiments could be carried out and this was 
examined by gas-liquid chromatography both for the number and type of
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products present. The solution was treated with sodium bicarbonate solution 
and dilute hydrochloric acid in order to find out whether it contained readily 
hydrolysable components (e.g. esters). This information was easily obtained 
by comparison of the gas chromatograms before and after the washing.
When a product was found to have been removed by the hydrolysis procedure 
then it was identified and estimated by gas chromatographic techniques. If 
the products were stable to these conditions then the following procedure 
was used on the solutions prepared for quantitative estimations. All 
solutions were first examined by gas chromatography in order to check their 
composition.
(ii) The arenecarboxylic acid was removed by extraction with 
saturated sodium bicarbonate solution, acidification with dilute hydrochloric 
acid and re-extraction of the liberated acid using methylene chloride. After 
drying with anhydrous MgSO^, the acid solution was evaporated to dryness in a 
tared crystallising dish.
(iii) The solvent was removed by fractional distillation through a 
column containing Fenske glass helices. All fractions were carefully removed
and later examined by gas chromatography.
(iv) The ester and biaryl fractions were separated from the high-boiling 
residue by vacuum distillation or column chromatography,
(v) The esters were hydrolysed and the biaryl fraction was removed by 
extraction with methylene chloride. The biaryl solution was dried and 
evaporated to dryness in a tared crystallising dish.
(vi) The esters were estimated by removal of the acid and weighing as 
described in (ii).
(vii) The residue was estimated by carrying out the vacuum distillation 
(iv) in a weighed distillation flask. Following this procedure, crystalline 
fractions of the residue were isolated by column chromatography. Infrared
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spectra, molecular weight determinations and microanalyses were performed on 
each crystalline fraction.
Estimates of the dihydrobiaryl yields formed in these reactions were 
attempted using the following technique due to Gill^^ (19&3). In procedure (A), 
the dihydrobiaryls were oxidised in the air to form the corresponding biaryls 
and hence the total yield of biaryl derived from both species was obtained.
In procedure (B), a vigorous method of oxidation involving a solution of 
potassium permanganate in acetone was employed and this destroyed the allylic 
system of the dihydrobiaryl. In this way, an estimate of the initial quantity 
of biaryl present was determined. The amount of dihydrobiaryl originally 
present in the reactions was given by the difference between (A) and (B),
(a) Experimental method
Product distribution experiments were performed at different initial 
peroxide concentrations ranging from 0.005 M - 0.20 M so that a suitable rai-o^  
of concentration could be covered for each reaction.
The required quantity of pure, dry solvent (less 5 ml) was admitted to 
the three necked 250 ml reaction flask and deoxygenated by refluxing under a 
stream of pure nitrogen for three hours as described in Section G1 (c).
The flask was now transferred to the thermostat and allowed to equilibrate 
over a period of five hours. The B.10 socket once again contained the nitrogen 
inlet tube while the B.l4 socket was stoppered. A little of the solvent (5 ml) 
required as a wash solvent was deoxygenated by the addition of a few chips of
dry ice and was then placed in the thermostat. A suitable quantity of diaroyl 
peroxide (2.00 g) was added to the flask by way of the long B.24 neck and any 
peroxide adhering to the neck of the flask was washed down using the 5 ml of 
pre-heated, deoxygenated wash solvent. The reflux condenser was replaced and 
the contents of the flask swirled for two minutes in order to make sure that
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the peroxide had completely dissolved. The flask was returned to the 
thermostat and the reaction allowed to proceed for 72 hours under an atmosphere 
of nitrogen until it had gone to completion.
After this time the products were analysed in the following way.
Procedure (A)
The solution was transferred to a 500 ml separating funnel and the acid 
fraction was extracted with saturated sodium bicarbonate solution (4 x 50 ml). 
The organic layer was washed with distilled water (3 x 50 ml) until neutral and 
the extracts were combined with those from above.
The aqueous layer was slowly acidified by the careful addition of 
concentrated hydrochloric acid until the solution was acid to litmus and all 
the arenecarboxylic acid had been liberated. The liberated acid was extracted 
with methylene chloride (4 x 50 ml) and this solution was dried by shaking with 
powdered anhydrous calcium chloride. The drying agent was filtered off through 
a Buchner funnel and the volume of the solution was reduced to approximately 
30 ml using a rotary evaporator. The solution was poured into a tared 
crystallising dish and the distillation flask (500 ml) was rinsed out with 
methylene chloride (15 ml). The washings were transferred to the crystallising
dish. The volatile solvent was allowed to evaporate overnight and the last 
traces of solvent were removed by vacuum dessication over anhydrous calcium 
chloride for three hours. The yield of acid was estimated by direct weighing.
In order to check the accuracy of this technique, an extraction was 
carried out on a solution of benzoic acid in benzene (1-0 g in 50 ml) and was 
found to be almost quantitative.
The acid-free organic phase, containing the rest of the reaction products, 
was dried (CaCl^ ) and filtered by suction through a Buchner funnel. The drying 
agent was thoroughly washed in the funnel with a little of the pure solvent.
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The solvent was slowly distilled using an electrically-heated column 
containing Fenske glass helices and fitted with a distillation head of the 
total reflux-partial take off type. Samples of the solvent were taken according 
to their boiling range and each sample was examined by gas chromatography.
The main purpose of the examination was to find out whether the solvent 
contained products of the type ArH where Ar represents the aryl species
derived from the peroxide. In the reaction of benzoyl peroxide with
hexafluorobenzene, a significant quantity of benzene was detected by this method.
In this way the total volume of the original solution was reduced to 
approximately 10 ml and then it was transferred to a weighed micro-distillation 
flask where the last traces of solvent were removed by careful distillation 
using a Woods metal bath temperature of 100-130^0. In order to assist the 
complete removal of the solvent, the micro-distillation flask was packed with 
glass wool.
The flask with contents was weighed so that the total yield of biaryl,
ester and residue was obtained. The separation of the biaryl and ester fraction
from the residue was achieved by two methods, one involving vacuum distillation 
and the other column chromatography.
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It has been pointed out by Perkins, Gill et#al. that pyrolysis of the 
residues from diaroyl peroxide-aromatic substrate reactions leads to 
disproportionation of the residue to give discrepancies in the biaryl yields.
This problem has recently been emphasised by Claret^lnd Oldham^ in the case 
of the benzoyl peroxide - hexafluorobenzene reaction where pyrolysis of the 
residue under varied conditions has resulted in large increases in the yield 
of 2,3,4,3,6-pentafluorobiphenyl. This is to be expected if disproportionation 
of the corresponding decafluorotetrahydroquaterphenyl occurs.
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It was therefore considered essential that several methods of biaryl 
estimation should be used so that a reliable value could be obtained. In the 
case of the benzoyl peroxide-hexafluorobenzene reaction, the yield of 2 ,3 ,4,5,6- 
pentafluorobiphenyl in each experiment was estimated by two independent methods 
none of which involved direct heating of the residue.
(i) Separation of biaryl-ester fraction from residue by vacuum 
distillation.
The biaryl and ester fractions were removed from the reaction residue by 
vacuum distillation (0.05 mm Hg) from the tared distillation flask by allowing 
the Wood’s metal bath temperature to rise slowly to 180°. The biaryls and 
esters were trapped in a round bottomed flask (lOO ml) which was surrounded 
by an ice-salt freezing mixture. The flask was connected to a cold trap.
The biaryls and esters were rinsed out of the receiving flask and lower 
regions of the condenser into a tared crystallising dish using a little 
methylene chloride. The volatile solvent was allowed to evaporate overnight 
and the last traces of methylene chloride was removed by vacuum drying over 
calcium chloride for three hours. The crystallising dish containing the 
biaryl and ester fractions was weighed and hence the combined yield of biaryl 
and ester obtained. The residue from the reaction was determined by weighing 
the residue in the distillation flask after vacuum distillation. The residue 
was retained for further investigation. The above procedure was adopted for 
the perfluorobenzoyl peroxide-benzene reaction as a series of control 
experiments had previously shown that the biaryl yield was not drastically 
affected by the distillation conditions.
(ii) Separation of biaryl-ester fraction from residue by column 
chromatography.
The product mixture, containing biaryls, esters and the residue, was 
dissolved in petroleum ether (40-60°) containing ether (10^ v/v), and this
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solution was chromatographed on a neutral alumina (100-200 mesh) column.
The eluate was collected in a round bottomed flask (250 ml) and the solvent 
was removed with the aid of a rotary evaporator employing a water bath 
temperature of 45-50°. The eluent was run down the column until the 
eluate no longer contained traces of either biaryl or ester as shown by gas 
chromatography. At this stage the dark brown residue had usually progressed 
about 5 cm from the top of the column when using a one-inch diameter 
chromatography column and a product mixture to alumina ratio of (20 : l).
The biaryls and esters were transferred from the round-bottomed flask 
to a tared crystallising dish by rinsing out with a little methylene chloride. 
The solvent was allowed to evaporate off overnight and the final traces of 
solvent were removed by vacuum drying over calcium chloride for three hours 
as in (a). The total yield of biaryls and esters was obtained by direct 
weighing and the weight of residue was found by subtracting this figure 
from the previously determined weight of biaryls, esters and residue. The 
accuracy of this technique was found by chromato graphing a mixture of 2,5,4,5,6- 
pentafluorobiphenyl (l.O g) and pentaf1uorophenyl benzoate (0.3 g) under the 
same conditions. The recovery of the biaryl and ester was found to be almost 
quantitative (> 99/0 .
When all the biaryls and esters had been removed from the original 
product mixture, the composition of the eluent was changed so that it contained 
3Cf^ ether (v/v) and the chromato graphing was continued until fractions were 
collected which contained some of the residue. The eluent was removed on 
the rotary evaporator and the dry, crystalline portions of the residue were 
examined further. This procedure (b) was adopted for the benzoyl peroxide- 
hexafluorobenzene reaction where the residue from the reaction was known to 
be unstable to the temperatures required for efficient vacuum distillations.
97.
The estimation of biaryls and esters in these reactions was achieved 
by the following general method and also by a second method which involved 
the use of gas chromatography,
(iii) General procedure for estimation of biaryls and esters.
The biaryl-ester fractions separated from these reactions using the 
techniques previously described, were analysed by hydrolysis of the esters 
using ethanolic potassium hydroxide (25 ml of 10^ solution). The biaryl-
ester fraction was transferred to a flask (100 ml) and was boiled under
reflux for five hours with the hydrolysing agent. After this time the 
excess solvent was carefully removed and the remaining solids transferred to 
a separating funnel (500 ml) using water and methylene chloride. The biaryls 
were extracted using methylene chloride (4 x 50 ml) and the combined extracts 
were washed with water (2 x 25 ml) until the washings were neutral. These 
washings from the biaryl solution were returned to the alkaline aqueous 
phase containing the products from the hydrolysis of the ester. The biaryl 
solution was dried by shalîing with finely powdered calcium chloride. The 
drying agent was removed by filtration through a Buchner funnel and the 
volume of the solution was reduced to approximately 50 ml with the aid of 
a rotary evaporator. The solution was carefully transferred to a tared 
crystallising dish and the volatile methylene chloride.was allowed to 
evaporate overnight. Last traces of solvent were removed by vacuum drying 
and the yield of biaryl was found by difference.
The alkaline aqueous phase was placed in a beaker (500 ml) and the
solution was carefully acidified with concentrated hydrochloric acid and 
then neutralised with solid sodium bicarbonate. This solution was boiled 
for an hour in order to coagulate traces of silicic acid which was formed by
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the attack of caustic alkali on the glass walls of the flask during the 
hydrolysis. The hot solution, which had been considerably reduced in volume 
by evaporation, was rapidly filtered through a Buchner funnel so that all 
traces of coagulated silicic acid were removed. The separated gel was 
washed in the funnel with bicarbonate solution to remove all traces of 
arenecarboxylic acid produced by the hydrolysis.
The aqueous filtrate was extracted with methylene chloride (4 x 25 ml) 
and the extracts were washed with water (1 x 25 ml) and were discarded as 
they contained unwanted phenol from the hydrolysis. The wash liquid was 
returned to the aqueous phase and this solution was slowly acidified by the 
addition of concentrated hydrochloric acid. The solution was extracted with 
methylene chloride (3 x 25 ml) and the combined extracts were washed with 
water (1 x 25 ml).
The methylene chloride solution was dried with anhydrous magnesium 
sulphate which was later removed by filtration. The magnesium sulphate 
was waahed in the funnel with a little more methylene chloride and then the 
volume of the solution was reduced to approximately 30 ml with the aid of 
a rotary evaporator. The concentrated solution of the acid was washed into 
a tared crystallising dish and after evaporation of solvent and vacuum drying, 
the yield of acid from the original ester hydrolysis was obtained. Hence the 
yield of ester was calculated and this value was compared with value obtained 
by subtraction of the biaryl yield from that of the combined biaryl and ester 
yield. Agreement between the two results was generally within a 2^ range.
This method was found to give almost quantitative results when performed on 
a synthetic mixture of 2,3>4,5i6-pentafluorobiphenyl (1 g) and phenyl 
pentafluorobenzoate (0 .2 g).
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(iV) Estimation of biaryls and esters by gas chromatography.
(aa) Esters
If the initial tests showed that the reaction mixture contained a 
a readily hydrolysable ester, then the ester was estimated by gas chromatography. 
In the case of the thermal decomposition of perfluorobenzoyl peroxide in benzene, 
the readily hydrolysable ester pentafluorophenyl pentafluorobenzoate was 
detected in the preliminary investigations. The quantity of this ester 
present in each product distribution experiment was determined by comparing 
the ratio of the areas of the peaks of the pentafluo rophenyl pentafluorobenzoate 
and phenyl pentafluorobenzoate in a measured sample of the solution (5 ml) with 
those on a calibration graph. The relative peak areas were assessed by the 
method of cutting-out and weighing.
The calibration graph consisted of values of the ratio of pentafluoro- 
phenyl pentafluorobenzoate to phenyl pentafluorobenzoate peak areas plotted 
against the molar ratios of these two esters for each point.
Since the quantity of phenyl pentafluorobenzoate in each product
solution was known from the product analysis, then the quantity of pentafluoro-
phenyl pentafluorobenzoate in each product distribution experiment was
calculated. However, a correction had to be made to the yield of pentafluoro-
benzoic acid since it was also a product of the hydrolysis,of penta- 
fluorophenyl pentafluorobenzoate. The hydrolysis of the ester was 
brought about during the extraction of the acid using saturated aqueous
sodium bicarbonate solution which followed the chromatographic analysis of
the ester. The aqueous alkaline solution containing the acid was carefully
acidified and neutralised with solid bicarbonate, as outlined in the biaryl-
ester analysis, so that the unwanted pentafluorophenol should not be included
in the total yield of pentafluorobenzoic acid.
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(bb) Biaryls
In the reaction of benzoyl peroxide in hexafluorobenzene, where 
the reaction residue was thermally unstable, the yield of 2,3,4,5,6- 
pentafluorobiphenyl was estimated by gas chromatography using decafluorobiphenyl 
as an internal standard. The product solution was made up in a volumetric 
flask to a known volume (e.g. 50 ml, 100 ml, 150 ml etc) using pure 
hexafluorobenzene. A fractional portion of this solution (5 ml) was withdrawn 
and a known weight of the internal standard (approx. 40 mg) added.
The relative peak heights (RPH) of 2,5,4,5i6-pentafluorobiphenyl 
to decafluorobiphenyl (taking ^^£^10 were determined for a large
number of sample injections ranging from 0 .1 -- > 5 .0 p-1 at various detector
sensitivities and the mean value (mean RPH) was compared with that given on 
a linear calibration graph.
ppg _ Peak Height of Compound X_________  ^
Peak Height of Internal Standard
The linear calibration graphs were obtained by calibrating the gas 
chromatograph with synthetic mixtures of known composition containing the 
two compounds being analysed, and consisted of values of the RPH of
(taking as 1.0) plotted against the molar ratio of
the two biaryls for each point. The RPH having been found by gas chromatography, 
the molar ratio of the two biaryls was read off and hence the weight of 
2,3,4,5,6-pentafluorobiphenyl present in the sample was determined.
The biaryl analysis was performed prior to the product analysis and 
the necessary corrections for the presence of decafluorobiphenyl in the 
product solution were made to the biaryl yield obtained at a later stage 
using column chromatography. Esters did not occur as products in this 
reaction.
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Finally, the yield of 2 , 4,5i6-pentafluorobiphenyl determined 
by gas chromatography was compared to the yield of this compound isolated 
by column chromatography and the results were generally found to agree 
within k%o
Procedure B
In Procedure B, the reaction flask containing the peroxide and 
aromatic solvent for the product distribution experiment was once 
again placed in the thermostat and the reaction was allowed to proceed 
for 72 hours. The flask was then removed from the thermostat and allowed 
to cool to around 55°» A saturated solution of potassium permanganate in
acetone (10 ml) was added to the solution and the reaction was allowed to
proceed for a further 12 hours. At the end of this time ”10 Vol" hydrogen 
peroxide solution was added so that the remaining permanganate could be 
decomposed. The fine precipitate of manganese dioxide produced was later 
removed by filtration and the solid material was washed in the Buchner
funnel with a little pure solvent. The extraction of the acid fraction and
the separations of the biaryl, ester and residue fractions were achieved 
as in Procedure A.
Procedure B was only carried out for the perfluorobenzoyl peroxide- 
benzene reaction as it was considered to be not necessary for the analogous 
benzoyl peroxide-hexafluorobenzene reaction. Dihydrobiaryl could not be 
envisaged as a product in the latter reaction.
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SECTION Ho The Decomposition of Bis(pentafluorobenzoyl) Peroxide in Benzene
1. The Rate of Decomposition in the Presence of 2 ,2-diphenyl-1-picryl 
hydrazyl (DPPH).
Initially, experiments were carried out in order to investigate the 
rate of decomposition of bis(pentafluorobenzoyl) peroxide in the presence of 
the free-radical scavenger, galvinoxyl. Experimental results indicated that 
the galvinoxyl reacted directly with the peroxide, according to the rate law:-
'i t  = k [P][S] ........ (142)
where [8], was the concentration of galvinoxyl,
DPPH was found not to show the above disadvantage and the expected zero- 
order rate expression was generally observed for the decomposition of perfluoro­
benzoyl peroxide in the presence of this inhibitor.
Several workers have raised doubts as to the value of DPPH as an inhibitor- 
Bartlett^^^' has reported that often the observed kinetics tended towards 
a second-order rather than a zero-order law and that consistency in the observed 
rates of reaction was not obtained. It has also been reported by the same 
author that DPPH tends to react rapidly and efficiently with carbon-centred 
radicals but is not so rapid or quantitative in its reactions with oxygen- 
centred radicals. In the perfluorobenzoyl peroxide-benzene reaction, solvent- 
free DPPH was employed and on the whole the results obtained were fairly 
consistent although slight variations of reaction rates sometimes occurred, 
particularly with the age of the inhibitor. The results obtained using DPPH 
as an inhibitor are given on the following pages but a value of the rate
constant for the primary unimolecular dissociation of the peroxide 
has been extrapolated from the peroxide total
decomposition experiments. The importance and value of DPPH as an inhibitor 
has received much attention^^’ and nowadays it is used extensively as a
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standard in e.s.r. spectroscopy^ *^^ . The development of an inhibitor 
completely suitable for perfluorobenzoyl peroxide systems would be a great 
advancement.
All kinetic runs were carried out at a temperature of 78,20 t  0.05° 
employing the procedure and conditions described in Section G6 (a). In order 
to obtain a reliable value of the molar ratio, j, the purity of the peroxide 
was estimated by the dead-stop technique as outlined in Section G3 (b) while 
the purity of the DPPH was determined by the method of Shigoo^^^ et.al. 
described in Section FI (c). The peroxide had been recrystallised until it 
had an estimated purity that was greater than 99»93^ . The purity of DPPH 
was checked before and after each run so that any appreciable decomposition 
in the solid state could be determined.
In order that a suitable range of optical density could be covered,
5.00 rag of DPPH in 60 ml benzene were used in each kinetic run. The experimental 
results are presented in Table 4 but Experiment 1 is included as a 
representative reaction.
It will be observed that large values of j have been employed in 
these experiments. This is due to the fact that the rate of decomposition 
proved to be slower than expected and large molar ratios were necessary in 
order to produce accurately measureable changes in optical density. At 
the conclusion of each experiment, a graph was drawn of optical density, D.^, 
against time, t, and this was extrapolated to the point t = 0 so that a 
value of the initial optical density, D^ , could be obtained. These graphs
are reproduced in Graph 1,
Having obtained the value of D^  in each experiment, a plot of
log CD (2j - l) + D.] against t was made and from the slope of this linear 
10 o t
graph a value was obtained for the rate constant, k^ . These graphs are 
reproduced in Graph 2.
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Experiment 1
Weight of diphenyl picryl hydrazyl (DPPH) = 5 .00 mg
Weight of perfluorobenzoyl peroxide - 19.?4 mg
Purity of DPPH = 9 5.56%
Molar Ratio j = 5«939
D^  = 0 .3 2 5
Volume of benzene = 60 ml
Time 
t (mins)
Optical Density 
(Dt)
Ios q^CD^ (2j - 1) + D^]
0 0 .323 0.4057
2 0 .520 0.4051
5 0 .517 0.4046
8 0.313 0.4045
; 10 0.511 0 .4056
i 15 0 ,504 0.4024
30 0.287 0 .3994
40 0.275 0 .5974
50 0 .265 0 .3934
= 0.81 X
-5 -110 sec
Graph 1
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From Table 4 it can be seen that the rate constant, k^ , varies
very slightly over the 5"fold initial peroxide concentration used ,but the
variation is not sufficient to indicate that any appreciable decomposition 
of the peroxide is occurring by attack of the inhibitor on the peroxide.
The extrapolated value of k^  from the total decomposition experiments is of 
much greater magnitude [k^(extrapolated) = 1.52 x 10~^  sec”"*] than the value 
given here for k^  (inhibited) and this may in fact reflect the much lower 
efficiency of DPPH as an inhibitor.
However, it is possible that the discrepancy between k^  (inhil^ ted) and
k^  (extrapolated) indicates the presence of a first-order induced decomposition
of the peroxide at the lower peroxideconcentrations and this indeed is
supported by the fact that small amounts of pentafluorobenzoic acid are
131found at low initial peroxide concentrations . A first-order induced 
decomposition can occur if chain-termination is brought about by the combination 
of two different radicals, such as between a pentafluorobenzoyloxy and a 
pentafluorophenylcyclohexadienyl [a-complex] radical.
CgF^.COO. + CgFj.CgHg------> CgF^.COOH + CgF^.CgH^ ..... (14))
Each kinetic run for the determination of k^(inhibited) was duplicated 
and the conditions described in Section G1 (c) were strictly carried out. 
Generally the values of k^  from duplicated experiments varied by 2 and 
at the conclusion of this series of experiments, a mean value of k^  was 
determined. It is felt that the value of k^  obtained is fairly representative 
of the value of k^  but in subsequent calculations, the extrapolated value of 
k^  has been used due to the uncertainties expressed as to the use of DPPH as 
a quantitative and efficient inhibitor.
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2« The Total Rate of Decomposition
All kinetic runs were carried out at a temperature of 78.20 - 0.09^ 
using the procedure and techniques described in Section G4, Standard solutions 
of sodium thiosulphate were made up using deoxygenated distilled water and 
were standardised before each run against potassium iodate using the dead- 
stop technique described in Section G2 (b).
During the kinetic run the nitrogen flow was turned on periodically
and in this way problems of solvent evaporation were not encountered. For
each kinetic run the peroxide concentration was followed as a function of 
time and the analytical results were treated in the following way.
A graph was plotted of log[P] against time, t, and the intercept
at the point t = 0 gave [P]^ , the initial peroxide concentration. For each
kinetic run, the value of (observed) was obtained from the slope of the 
linear plot of log[P] against t and these graphs are reproduced in Graph 
In order to determine the nature and the order of the induced decomposition 
of the peroxide, a graph was plotted of k^(observed) against [P]^"^, the 
theory and significance of v/hich is described in Section G5- From this 
graph an extrapolated value of k^ was obtained together with the appropriate 
rate constants for the two types of induced decomposition observed. This 
graph is reproduced as Graph 4 and a summary of these results is given in 
Table 5, Experiment 6 is included as a representative reaction.
Finally, there are several other points about the total rate 
experiments which require comment. It may be observed that the initial 
peroxide concentrations for these experiments vary from O.OOB - 0.20 Molar. 
Experimental reproducibility v;as found to be poor below 0.008 Molar and 
so these results have been neglected. In order that the graph of k^(observed) 
against [P]^"^ should be as accurate as possible, kinetic runs below
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0.020 Molar were performed in quadruplicate whereas those above 0.020 Molar 
were performed in duplicate. An accurate extrapolation of the graph to 
the point = 0 was particularly important, as an accurate value of
was required following the uncertainty in the inhibited-rate experiments 
using DPPH.
The slopes and intercepts of all the log-plots in this work were 
calculated by means of the "least squares" formula as this afforded the 
most accurate method of graphical measurement. The "least squares" formula 
states that for a straight line graph of the form:-
y = a x + b  ........ (l44)
where "x" and "y" are respectively the independent and the dependent variables, 
"a" and "b" being the slope and "b" the intercept at the point x = 0, the values 
of "a" and "b" may be found from the following equations
a - n ^  (xy) - (x) ^  (y)
n S  (x^ ) - [ £.(x)]^
(145)
b = Sl(y) Sl‘>(x ) - f) (x) £(x.v)    (l46)
n £j (x^ ) - [ D  (x)]^
In general, the agreement between the values of k^(obs) obtained in 
duplicated and quadruplicated experiments was usually within - and the 
value of k^(obs) quoted at the bottom of each set of kinetic data is a 
mean value.
Mean values were used to calculate the final results.
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Experiment 6 
Weight of Perfluorobenzoyl Peroxide 
Volume of Benzene
Initial Concentration of Peroxide,[P]^ 
Volume of aliquot portions 
Thiosulphate concentration
0.4910 g
150 ml 
0 .007745 M 
10 ml
0 .0050 50 M
Time 
t(hours)
Titre
(ml)
[P]
(mole/litre)
log^oCp;
!
0.10 50.18 0.007625 3. 8821
0.25 29.00 0.007525 3. 864?
1 0.50 27.24 0.006880 3. 8376
i 0.75 25.72 0.006498 3. 8128
1
I 1-00 24.56 0.006155 3. 7891
1.25 22.68 0.005727 3- 7579
1,50 21.51 0.005454 3. 7351
1.75 20.55 0.005140 3. 7110
2.00 19.20 ' 0.004850 3. 6857
!
1 2.50 17.14 0.004529 3. 6364
1 3.00 15.26 0.005854 3. 5859
k^(obs) = 6,65 X 10 ^ sec
[P]^“^  = 0.0880
o
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Graph 3
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Table 3
The Total Rate of Decomposition of Perfluorobenzoyl 
Peroxide in Benzene at 7 8*2^0
Experiment [P] [P]^"^
No 0(mole/litre) (mole^°^/litre^°^) k^(obs) (sec
6 0 .007743 0 .0 8 8 0 6 .6 3 X 10"5
7 0.01122 0 .1 0 3 4 7 .4 7 X 10”^
8 0 .0133 7 0.1246 8 .6 3 X 10"5
9 0 .0208 9 0 .1 4 3 4 9 .8 1 X 10"5
10 0 .0 2 7 3 6 Oo1638
-4
1 .1 0 3 X 10
11 0 .0 3 0 7 0 0 .2 2 6 3 -41.101 X 10
12 0 .0817 3 0 .2 8 3 4
-4
1 .109 X 10
13 0 .1 0 0 7 0 .3 1 8 4
-4
1.102 X 10
14 0 ,1 6 2 2 0.4027
-4
1.110 X 10
15 0.2142 0.4629
-4
1,091 X 10
The analytical results presented on Graph 4 and in the summary of results
in Table 5 can be interpreted as follows. It is apparent from the results
that above 0 ,0 2 8 molar, the observed first-order rate constant, k^(obs) does
not vary appreciably with increasing concentration and therefore it may be
given the mean value
k^(obs) = (1 .1 0 3 - 0 .003) X 10 sec ^.
From the theory described in Section G5 it can be seen that
k (obs) = - 1 . d[P] = k + k '     (147)
[P] dt
and so that the rate of disappearance of perfluorobenzoyl peroxide in benzene 
at 7 8.2  ^above 0 ,0 2 8 molar is given by the expression:-
- dfP] = k [P] + k '[P] ' ........ (148)
dt  ^ :
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Equation (l4y) indicates that the peroxide is decomposing by a first- 
order unimolecular thermal decomposition and also by a simultaneous first- 
order induced decomposition. However, below 0.028 molar, the value of 
(obs) varies linearly with the square root of the initial peroxide
concentration, and from the theory described in Section
this shows that:
k (obs) = - 1 . d[P] = k. + k.  ^ ........ (149)
[P] dt
so that the rate of decomposition of perfluorobenzoyl peroxide below 0 .0 2 8 molar 
is given by:-
- d[P] = k CP] + k [P]^'5 ........ (150)
d T ~  ^
which is consistent with a 1.3-order induced decomposition superimposed 
on the first-order unimolecular thermal decomposition. Mathematical 
analysis of Graph 4 revealed the rate constants which completely described 
this reaction.
The mean value of k (obs) above 0 .0 2 8 molar is the additive result of two
1
first-order rate constants, + k^  , where is the first-order rate
constant for the unimolecular thermal dissociation and k^' is the first-
order rate constant for the induced decomposition. A value for k^  has been
found using the inhibitor DTTH but due to the doubts expressed as to the
validity of DPPH measurements, a value of k^ , based on the extrapolation
of Graph 4 to the point [P]^“^  = 0, has been calculated:-
-3 -1
k^(extrapolated) = 1.32 x 10 sec 
The value of k^' is therefore:- 
k^’ = 9 .3 1 X 10  ^sec ^.
117.
The product distribution experiments for this reaction were performed 
at five initial peroxide concentrations ranging from 0 .0 0 5 - 0 .l6 molar.
All experiments were carried outat 78.20 - 0.05°, according to the
conditions described in Section G6 (a) and each reaction was allowed to
proceed for 72 hours after which it had gone to completion.
The reaction solutions were analysed as described in Section G6 for 
the following products, pentafluorobenzoic acid, 2,5t4,5,6-pentafluorobiphenyl,
2,3,4,5,6-pentafluorodihydrobiphenyl, pentafluorophenyl pentafluorobenzoate, 
phenyl pentafluorobenzoate and residue. The results of these analyses are 
presented in Tables 6 and 7 (experiments l6 - 25)°
For experiments ranging from 0.02 - 0.16 molar, 2.00 g of peroxide 
was used in each case and the volumes of benzene used were respectively 
2 3 0, 60 and 30 ml. In the case of reactions carried out at 0.005 and 0.01 molar,
1 .5 0 g of peroxide was used in 700 and 36O ml respectively. The product yields
in the latter case were scaled up by multiplication by a factor of 1 .3 3 3 so 
that they could be compared with the product distributions at higher initial 
peroxide concentrations •
Experiments 16 - 20 were performed according to Procedure A described 
in Section G6 and experiments 21 - 25 were performed according to Procedure B 
also described in the same section. All experiments were performed in 
duplicate and mean values for the yields of the individual products were 
obtained. The yields of the products are expressed as moles per mole of 
peroxide decomposed.
(a) Pentafluorobenzoic acid
This compound was extracted from the reaction solution using aqueous 
saturated sodium bicarbonate solution and usually it was obtained as a pale 
brown solid with a faint phenolic smell. The presence of traces of
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pentafluorophenol was the result of the hydrolysis of pentafluorophenyl 
pentafluorobenzoate following the original extraction of the acid using 
aqueous alkali. Preliminary tests on the original reaction solution with 
aqueous sodium bicarbonate solution had indicated that an ester was being 
removed, the result of which was the appearance of a pink colour in the 
aqueous phase. The bulk of the pentafluorophenol remained behind in the 
aqueous phase due to careful adjustment of the pH of the solution during the 
extraction of the free pentafluorobenzoic acid with methylene chloride.
The melting point of the acid was 100 - 102° (Lit. ra.p, 103 - 104°).
However, the infrared spectrum of the acid did not appear to possess any 
extraneous absorption bands so that phenolic or other impurities present could
have made up no more than J) -  o f the total yield. The total acid yield
always contained a small quantity of acid from the hydrolysis of pentafluoro­
phenyl pentafluorobenzoate and this was always subtracted from the total yield 
following estimation of the ester yield by gas chromatography.
(b) 2 ,3 ,4,5,6-pentafluorobiphenyl
This compound was isolated by the procedure described in Section G6 
and was obtained as a white crystalline solid, the melting point of which was
109 - 110° (Lit. m.p. 111 - 112°). The infrared spectrum showed no extraneous
absorption peaks and was identical with that of a pure sample. Gas chromatography 
also showed the compound to be pure. Agreement between yields of the biaryl 
obtained in duplicate experiments was found to be consistent.
(c) Pentafluorophenyl pentafluorobenzoate
This ester was identified and estimated by gas chromatography as 
described in Section G6 and was not isolated. The yield was fairly constant 
over the concentration range studied and was usually in the region of 60 - 70 mg-
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(d) Phenyl pentafluorobenzoate    ___
Following the removal of 2,3,4,5,6-pentafluorobiphenyl and this ester 
from a mixture of these two compounds and residue, the phenyl pentafluoro­
benzoate was estimated by alkaline hydrolysis of the ester and quantitative 
recovery of the pentafluorobenzoic acid produced. The acid was usually pale 
yellow in appearance and had a slight phenolic smell. As before its infrared 
spectrum showed no extraneous absorption peaks. The yield of phenyl 
pentafluorobenzoate was calculated in each experiment from the yield of 
pentafluorobenzoic acid obtained from the ester hydrolysis. Having found the 
yield of phenyl pentafluorobenzoate it was possible to calculate the yield 
of the other ester present, pentafluorophenyl pentafluorobenzoate, using the 
calibration graph.
(e) Residue
The yield of residue was determined from the difference in weight of the 
distillation flask before and after vacuum distillation of the volatile
2 ,3 ,4,5 ,6-pentafluorobiphenyl and phenyl pentafluorobenzoate. The infrared 
spectrum of the residue was taken and the melting range was from 135 - 140°.
The residue was dissolved in petroleum ether (40 - 60°) containing ether 
{^Çf/a v/v) and the solution was chromatographed on an alumina column. A yellow 
crystalline solid was isolated from the residue by this technique. The infrared 
spectrum, the melting point, and the molecular weight were recorded and analysis 
showed it to be a compound or mixture of compounds containing carbon, hydrogen 
•^ nd fluorine. The semi-micro analyses were inconsistent and always gave low 
values for fluorine. This was probably due to the difficulty involved in 
fluorine estimation expressed by the laboratory carrying out the analysis. 
However, the infrared spectra and molecular weight determinations were a little 
more informative.
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The spectrum bore similar characteristics to that of p,p'- and 
o,p’-quaterphenyl and to that of p,p'- and o,p’-perfluoroquaterphenyl 
(obtained by kind permission of the R.A.E*, Farnborough, Hants). The compound 
had a melting range from 145 - 150° and the molecular weight, determined 
on the "Mechrolab” Vapour Pressure Osmometer, was 4^8 - 505- On the basis of 
this information, together with the elemental analyses, the residue was 
considered to be a mixture of isomeric decafluoroquaterphenyls (mol. wt. 486.5) 
A medium strength carbonyl absorption band occurred in the infrared 
around 1750 cm and this probably indicates the presence of esters in the
residue. Up to 94% of the residue was accounted for by carbon, hydrogen and 
fluorine and the 6% discrepancy could be due to the presence of oxygen- 
containing compounds and not so much to the inaccuracy of the fluorine 
estimation.
The main absorption bands in the infrared spectrum of the crystalline 
residue were:-
Strong; 17&0, 1510, 1340, 1210, 1000, 770 cm“^
Weak: 2950, l660, 1430, 1100, 700 cm"\
4. The Estimation of Pentafluorodihydrobiphenyl
Experiments 21 - 25 were performed according to Procedure B outlined
in Section G6 and the yields of 2,3,4,5,6-pentafluorobiphenyl and residue were
obtained for the same initial peroxide concentrations as those used for 
experiments l6 - 20, employing Procedure A.
The experimental reproducibility in Procedure B was not consistent 
for duplicate experiments and the final traces of manganese dioxide were 
very difficult to remove, even after several filtrations. The yields of 
pentafluorobenzoic acid were always low compared to the yields obtained using
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Procedure A, and the estimations of phenyl pentafluorobenzoate, based on 
the hydrolysis of the ester, were inconsistent. For these reasons, only the 
yields of 2 ,3 ,4,5 ,6-pentafluorobiphenyl and residue have been recorded for 
these experiments. This series of experiments were difficult to perform 
and discrepancies in the biaryl yield were common. The difference in the 
yield of 2,3,4,5,6-pentafluorobiphenyl (Procedure A - Procedure B) was taken 
as a measure of the amount of pentafluorodihydrobiphenyl formed in the reaction 
but due to the experimental difficulties involved, these results may be 
regarded as only tentative. The yield of pentafluorodihydrobiphenyl was 
found to range from 60 - 20 mg over the concentration range studied 
(0 .0 0 5 - 0 .l6 molar).
All yields are expressed in terms of moles of product per mole of
peroxide decomposed and these results are reproduced in Table 7- The residue
is assumed to consist of isomeric species of decafluoroquaterphenyl and 
its molecular weight is based on the formula,
Also included in Table 6 is a summation based on the weight of
pentafluorophenyl radicals which can be obtained from 2 .0 g of perfluoro­
benzoyl peroxide. It is assumed that each product contains one penta- 
fluoropi^ ttnyl group from the peroxide, whereas the residue contains two.
The product distribution experiments are presented in Graph 5»
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Table 7
The Yield of 2,3,4,5,6-Pentafluorodihydro biphenyl
for the Perfluorobenzoyl- Peroxide-Benzène Réaci ion at 78.2°
t
Experiment
No,
Initial Peroxide 
Concentration, [P]^
Yield of 2,3 ,4,5,6- 
Pentafluorodihydrobiphenyl
21 O.CO308 0.061 g 0 .0 5 2 (m/m)
22 0 .00987 0.042 g 0 .0 3 6 "
23 0 .02060 0 .0 2 6 g 0 .0 2 2 "
24 0 ,0790 0 .0 1 5 g 0 .0 1 5 "
23
I
0 .1580 0 .0 2 0 g 0 .017 ”
The results presented in the above Table 7 concerning the yields of 
2,3 » 516-pentafluorodihydrobiphenyl obtained in this reaction, may only be 
regarded as approximate estimations for the reasons previously outlined.
5" Gas-Liquid Chromatographic Analysis
(a) Analysis for pentafluorobenzene
Following the extraction of pentafluorobenzoic acid from a product 
distribution solution, the solvent was removed by careful fractional 
distillation. The fraction of the solvent (benzene) distilling off between 
78 - 88° was collected in five portions and each portion was examined by 
low temperature, high sensitivity gas chromatography for the presence of 
pentafluorobenzene (instrument; Perkin-Elmer F,21, Carbowax 5^ on 
Chromosorb G at 50°C).
Control experiments indicated that it was possible to detect traces
4
of pentafluorobenzene to better than 1 part in 10 . Pentafluorobenzene 
was not detected as a product of this reaction in any of the solutions 
investigated.
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(b) Analytical and general gas chromatographic analysis
Throughout the product distribution experiments, gas chromatography 
was used as a means of checking the composition of a product solution 
and also as a method of examining the effectiveness of an extraction or 
isolation technique. The versatility of gas chromatography made it the 
most useful method of analysis and identification used in this work.
Gas chromatographic analysis of these product solutions on the 
highest sensitivity ranges indicated the presence of trace quantities of 
decafluorobiphenyl. This compound was probably formed by the dimérisation 
of two pentafluorophenyl radicals. A gas-chromatogram of a typical product 
solution for the perfluorobenzoyl peroxide-benzene reaction is presented 
as Chromatogram 1. (Instrument; F.21. Apiezon L on Chromosorb P at 220°C).
The retention times of the individual products under these conditions 
were as follows
Product Retention Time
Benzene (solvent) 0.10 mins
Pentafluorobenzoic Acid 0 .5 0 rains
Decafluorobiphenyl (trace) 0 .5 0 rains
2,5,4,5,6-Pentafluorobiphenyl 1.66 mins
Phenyl pentafluorobenzoate 4.00 mins
Pentafluorophenyl pentafluorobenzoate 4 .5 0 mins
A small shoulder on the side of the main pentafluorobiphenyl peak was 
observed in all the product solutions but it was not positively identified. 
Initially, it was felt that this was a trace of 2,5,4,5,6-pentafluoro­
dihydrobiphenyl as the size of the shoulder appeared to be greater in the
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freshly obtained product solutions but this theory was later ignored on the 
grounds that trace quantitiies still remained even after vigorous permanganate 
oxidation experiments. The possibility of detection of this species by gas 
chromatography was excluded on account of the conditions used, whereby the 
dihydrobiaryl would readily be oxidised to the corresponding biaryl.
Pentafluorobenzoic acid gives a response at O.3O minutes under these 
conditions but the peak is thought to be enhanced by the decarboxylation 
product of the acid, pentafluorobenzene. Both compounds give similar 
responses over the temperature range 150-220°, other conditions remaining 
constant. However, below 150° it is possible to resolve both species 
chromatographically. Usually, with carboxylic acids, méthylation procedures 
leading to the corresponding esters are necessary in order that they may 
be detected by gas chromatography. Benzoic acid, for example, does not show 
up under the conditions employed, but readily shows up as methyl benzoate 
following méthylation with either diazomethane or with hydrogen chloride 
in anhydrous methanol,
(c) Estimation of pentafluorophenyl pentafluorobenzoate.
Estimations of the quantity of this ester present in each solution were 
calculated using a gas chromatographic technique.
After removal of the reaction solution from the thermostat, each 
solution, when cool, was made up to a suitable volume (a multiple of 5 ml) 
using pure benzene. A 5 ml sample of the solution was withdrawn and 
injections of 1.0 pi were made using the same chromatographic conditions 
as above (b).
The peak area ratios of pentafluorophenyl pentafluorobenzoate and phenyl 
pentafluorobenzoate were determined and then compared with those on a 
calibration graph which consisted of values of the ratios of the pentafluoro­
phenyl pentafluorobenzoate to phenyl pentafluorobenzoate peak areas plotted
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against the molar ratios of these two esters for each point. The amount of 
phenyl pentafluorobenzoate in each product solution was known from the product 
analysis and so the yield of pentafluorophenyl pentafluorobenzoate for each 
product distribution experiment could be calculated. Peak areas were 
calculated by cutting out the peaks on the chromatogram and weighing and 
generally the method was fairly reliable.
The amount of pentafluorophenyl pentafluorobenzoate present in these product 
solutions varied from 62 mg at 0.005 M up to 69 mg at O .16 M and these figures 
were considered to be quite representative.
6. Ultra-violet Spectra of n-complexes Formed between Polyfluoroaromatic 
and Aromatic Compounds^
From a consideration of substituent effects on the reactivity of aroyloxy 
radicals it has been shown by Bevington, Toole and Trossarelli^^ (1958) that 
substituents which prevent the peroxide from readily decomposing (i.e. electron- 
attracting substituents in the aryl nucleii) cause the corresponding aroyloxy 
radicals to be highly susceptible to decarboxylation and leads to the formation 
of aryl radicals. Later in this- work (Section M) it is postulated that 
stabilisation of pentafluorobenzoyloxy radicals is achieved through 7 1 -complex 
formation between pentafluorobenzoyloxy radicals and benzene, since without 
such stabilisation the powerful inductive effects (-1) of the five fluorine 
atoms in each pentafluorophenyl nucleus would lead to rapid decarboxylation of 
the pentafluorobenzoyloxy radicals. It is suggested that the absence of 
such a stabilising condition for the radicals would, not lead to the first- 
order induced kinetics which are observed for this system at initial 
peroxide concentrations > 0.028 Molar.
Evidence for 71-complexing of perfluorobenzoyl peroxide with benzene has 
been obtained from the ultra-violet spectra of the peroxide in two types of 
organic solvents, (a) those which would not be expected to associate
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(e.g. cyclohexane and carbon tetrachloride) and (b) those which would be 
expected to associate (e.g. benzene). The ultra-violet spectra of both 
benzoyl and perfluorobenzoyl peroxides were recorded for a range of solvents 
and positions of the absorption maxima are reproduced in Table 8 .
Table 8
Positions of Maximum Absorption Bands for Diaroyl 
Peroxides in Some Organic Solvents_____
Solvent
Benzene
I Cyclohexane
Carbon tetrachloride
; Chloroform 
I
1 Hexafluorobenzene
Diaroyl Peroxide
Benzoyl (cm ^) Perfluorobenzoyl (cm )^
37,400
37.600
37.600
37.600
37,200
37,700
37.600
37.600
(All absorption maxima are given in terms of cm  ^and all values correspond 
to the n — 71* transition).
The following conclusions can be drawn from the results reproduced 
in Table 8 .
V/hile the positions of the absorption maxima of benzoyl and 
perfluorobenzoyl peroxides are comparable in cyclohexane (non-associating 
solvent), a large shift of 500 cm  ^towards the visible region occurs when 
the spectrum of perfluorobenzoyl peroxide is examined in benzene (associating 
solvent). The absorption maximum for benzoyl peroxide in benzene is 
observed to be 200 cm  ^nearer the visible spectrum but this may be due to 
either experimental error or to the fact that association of benzoyl peroxide
129.
with benzene is occurring due to the inductive effects (-1) of the carboxyl 
groups in the peroxide. In carbon tetrachloride, the absorption maxima are 
the same for both peroxides and this can be expected for a solvent which would 
not be expected to associate with either peroxide. Since chloroform contains 
hydrogen, a small amount of association with perfluorobenzoyl peroxide 
might be expected through hydrogen bonding and may well account for the small 
shift of 100 cm towards the visible. In the recrystallisation of perfluoro­
benzoyl peroxide from chloroform-methanol mixtures, described in Section F, 
chloroform adheres to the peroxide and is difficult to remove-
Patrick and Prosser (196O) have described the isolation of\a number 
of 1:1 molar complexes of "electron-deficient" polyfluoroaromatic compounds 
with "electron-rich" species. For example, hexafluorobenzene and benzene 
form a 1:1 molar complex which is a solid and has a melting point of 2 3.7°. 
They have also described the existence of other tc-complexes formed between 
similar compounds. These compounds are similar to those formed between a 
number of aromatic hydrocarbons (e.g. benzene and 1,3 ,5-trinitrobenzene ), 
whose structure according to crystallographic studies has shown them to have 
a sandwich-type structure with the aromatic rings in parallel planes although 
not necessarily coaxial.
Shifts of ultra-violet or visible absorption bands towards longer 
wavelengths (i.e. towards the visible) are to be expected for n-complexes 
relative to their components because of the enhanced possibility for 
resonance stabilisation of the excited state involving both components.
Such an effect has been observed in this work for the perfluorobenzoyl 
peroxide-benzene system. An analogous effect, where a shift to shorter 
wavelengths is observed, might be expected for the benzoyl peroxide- 
hexafluorobenzene system but ultra-violet evidence was not forthcoming since 
no u.v. spectral results were obtained for any hexafluorobenzene system due
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to the very strong absorption of this solvent in the crucial region of spectral
investigation. Attempts were made to provide further evidence of Tt-complexing
between perfluorobenzoyl peroxide and benzene through n.m.r. spectroscopy.
For example, it was thought that in the 1:1 molar complex of C^F^iC^H^, the
protons might be deshielded by the strong (-1) effect of the C^F^ nucleus,
thus showing proton resonance at lower field. The results, however, proved
133to be inconclusive. Recent work by Shilton and Wells (1970) in the n.m.r.
spectra of benzene-trinitrotoluene complexes has shown that the resonances
of T.N.T. protons are shifted up field as a result of the tü-complexation.
Aromatic solvent induced shifts (a.s.i.s.) of n.m.r. spectra of polyfluorinated
134benzenes in benzene have been reported by Wasylishen, Schaefer and Schwenk . 
135Isaacs has described a method of determining the stoichiometry of 
charge-transfer complexes using ultra-violet spectrophotometry. This method 
makes use of the charge-transfer band in the ultra-violet or visible spectrum 
and can only b© used for those species which exhibit a definite band due to a 
third species present in the system, i.e. the charge-transfer complex. 
Unfortunately, neither the hexafluorobenzene-benzene or perfluorobenzoyl 
peroxide-benzene systems exhibit such bands. Instead, each system shows 
distinct displacements of existing bands. The absence of a charge-transfer band 
in the optical spectrum of a solution does not disprove the existence of a 
complex of one aromatic molecule with another. It is possible that symmetry 
may forbid such a band^^^.
All ultra-violet spectra were recorded on the Pye-Unicam SP.8OO.
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SECTION lo The Decomposition of Perfluorobenzoyl Peroxide in 
Monohalogenated Aromatic Solvents
Oldham and Williams^ (1970) have recently reported their investigations 
into the thermal decomposition of perfluorobenzoyl peroxide in chloro- 
and bromo-benzenes and their results have been mentioned in the introduction 
to this work. As a comparison to the kinetic results given in this work and 
also as a follow on from the earlier work, the kinetic investigations are now 
reported. However, no extensive product distributions are presented but gas 
chromatographic analyses of a range of the product solutions have been carried 
out in order to determine the nature of the products produced in these 
reactions. Finally, an analysis of the products produced in the reaction of 
perfluorobenzoyl peroxide in fluorobenzene at 7 8.2° is reported together 
with a preliminary kinetic result.
1. The Inhibited Decomposition
The thermal decomposition of perfluorobenzoyl peroxide in chlorobenzene 
and bromobenzene in the presence of both galvinoxyl and DPPH was investigated 
and both inhibitors were found to be unsuitable for these systems.
2. The Total Rate of Decomposition in Chlorobenzene
All the kinetic runs were carried, out at 78.20 - 0.05° according to 
the method, conditions and techniques described in Section H2, concerning the 
total rate of decomposition ofperfluorobenzoyl peroxide in benzene.
Six kinetic runs were carried out over an initial peroxide concentration 
range varying from 0.009 - 0.l8 Molar and all the runs were performed in 
duplicate. Owing to the high cost of chlorobenzene, a recovery operation was 
necessary and the purification technique adopted was the same as that used 
for the recovery of hexafluorobenzene described in Section F.
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The peroxide concentration was followed as a function of time, t, 
and a graph was plotted of log^ ^^ CP] against t for each kinetic run. The 
intercept at t = 0 gave [P]^ , the initial peroxide concentration. The 
value of k^(observed) was obtained from the slope of the linear plot of 
log^O^^^ against t for each run and these graphs are reproduced in Graph 6 .
A graph of k^(observed) against [P]^°^ was plotted for this reaction and 
from this graph the nature of the induced decomposition was determined. This 
graph is reproduced in Graph 7 and a summary of the results is given in Table 9< 
Experiment 26 is included as a representative reaction.
Experiment 26
Weight of Perfluorobenzoyl Peroxide = 0.4230 g
Volume of Chlorobenzene = 100 ml
Initial Concentration of Peroxide, [P]^ = 0.009583 M
Volume of Aliquot Portions = 10 ml
Thiosulphate Concentration = O.OO9895 N
Time
t(hours)
Titre
(ml)
CP]
(mole/litre)
log^oCP]
0 .1 0 19 .10 0.009432 3. 9755
0 .5 0 18 .10 0.008958 3. 9522
0 .7 5 17.56 0,008692 3. 9391
1 .00 17.15 0.008486 3. 9287
1 .25 16.47 0.008149 3 . 9111
1 .5 0 16 .03 0.007932 3. 8994
1 .75 15.34 0.007591 3. 8803
2 .0 0 14.91 0 .007382 3. 8682
2 .5 0 13.88 0.006869 3. 8369
1 3 .0 0 13.05 0.006459 3. 8101
k^(obs = 3 .6 3 X 10 ^ -1sec [P]°"5 = 0 .09800
Gr^
2.0
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Table 8
The Total Rate of Decomposition of Perfluorobenzoyl 
Peroxide in Chlorobenzene at 78.2°C
1 Experiment 
No.
CP]o
(mole/litre)
[p]0.5
0
(mole^ ° ^ /1 i tre^°^
k^(obs) 
-1sec
0.009583 0.0980 3.63 X
! 27 0.01980 0.1407 3.57 X 10"5
28
1
0.04800 0.2190 3 .4 3 X 10"^
29 0 .09772 0.3126 3.50 X 10"5
! 0.i4i7 0.3764 3.58 X io"5
! 31 0.1862 0 .4315 3.58 X 10"5
The results for the total decomposition presented graphically in Graph 7 
indicate that the peroxide undergoes a first-order induced decomposition over 
the whole of the concentration range and that the observed first order rate
constant for the reaction may be assigned the mean value:
k^(obs) = (3-55 - 0 .0 7) X 10  ^sec \
Therefore the rate of disappearance of perfluorobenzoyl peroxide in 
chlorobenzene at 7 8.2  ^over the whole concentration range is given by the 
expression:
-d[P] = k [P] + k ' [P]
“dt  ^ ^
where (k^  + k^') =C3=55 + 0 .07) x 10  ^sec ^.
No values of k^  were obtained using inhibitors since there were large
'.nconsistencies in the results.
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3° Gas-Liquid Chromatographic Analysis of Product Solutions for the
Perfluorobenzoyl peroxide-Chlorobenzene Reaction 
Samples (10 - 20 ml) of the peroxide solutions from the total rate 
experiments were taken and in each case the reaction was allowed to proceed 
to completion in the thermostat for 72 hours. Each peroxide solution was 
placed in a round-bottomed flask (2 5 ,5 0 ml) fitted with a reflux condenser 
and each reaction was conducted under nitrogen. This procedure resulted in six 
product distribution solutions each derived from one of the six total rate 
experiments. This enabled an analysis to be made of the products produced in 
this reaction over an initial peroxide concentration range from 0.009-0,18 Molar. 
Moreover, it was possible to compare the relative proportions of each product 
produced at a particular initial peroxide concentration.
On removal from the thermostat, each solution was transferred to a 
distillation flask and the solvent volume was reduced to around 5 ml by 
fractional distillation. The volume of each solution was made up to 5.00 ml 
by the addition of pure chlorobenzene. The initial fractions of solvent distillate 
were examined by low temperature gas chromatography for the presence of 
chloropentafluorobenzene and pentafluorobenzene.
The gas chromatographic analysis of the solvent indicated that 
neither chloropentafluorobenzene nor pentafluorobenzene were products in this 
reaction. The concentrated solutions (5 ml) containing the reaction products 
were examined by gas chromatography and the nature of the products together 
with the relative product proportions wore determined (F.21; Apiezon L on 
Chromosorb P at 175°C).
It was apparent from all six chromatograms that the product solutions 
contained three main products. The largest peak was due to phenyl pentafluoro­
benzoate and an authentic specimen of this compound verified this observation 
over a range of different chromatographic conditions. The other two peaks,
137.
which came before the previous peak , were much smaller and could only be 
picked out using the highest sensitivity ranges. One peak was due to 
2 ,3 ,4,576-pentafluorobiphenyl and the other peak was thought to be an isomer 
of chloro-2,3,4,5,6-pentafluorobiphenyl. Following the large phenyl penta­
fluorobenzoate peak, each chromatogram showed tv/o very small peaks which 
were believed to correspond to two isomers of chlorophenyl pentafluorobenzoate.
The arenecarboxylic acid extraction procedure, described in Section G6 , 
was carried out on several of the solutions and quantities of pentafluorobenzoic 
acid were isolated. Throughout the course of the reaction in the thermostat, 
hydrogen chloride was evolved.
The relative proportions of the five products, which appeared on the 
chromatograms, remained fairly constant over the whole of the peroxide 
concentration range studied and were:-
Eelative Proportions Retention Time 
iPentafluorobiphenyl: 1 3.00 mins
Chloropentafluorobiphenyl: 1 4.75 ”
Phenyl pentafluorobenzoate: 25 8.50 "
Chlorophenyl pentafluorobenzoates: ) 0.3 9.50 ”
)
)(2 isomers) \ 0 .3  13-50 "
The occurrence of phenyl pentafluorobenzoate and pentafluorobenzoic acid 
as major products in this reaction together with small amounts of residue 
verified the earlier work of Oldham and Williams and also indicated that the 
product distribution correlated well with the first-order induced kinetics 
observed in the total rate experiments.
A typical chromatogram for this reaction is reproduced as 
Chromatogram 2.
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4. The Total Rate of Decomposition in Broinobenzene
All the kinetic runs were performed at 78.20° - 0.05° according to the 
procedure described in Section H2, Five kinetic runs were carried out over 
an initial peroxide concentration range from 0.009 - 0.25 Molar and all runs 
were performed in duplicate. The kinetic analysis was carried out in the 
same way as that described for the perfluorobenzoyl peroxide - chlorobenzene 
reaction. The graphs of log^^CP] against t for each kinetic run are reproduced
collectively in Graph 8 . The graph of k^(observed) against [P]^ ° is
reproduced in Graph 7» and a summary of the results is given in Table 10.
All broraobenzene residues were recovered and the solvent was later
purified by an analogous process to that used for the purification of
chlorobenzene. Experiment 32 is included as a representative reaction.
Experiment 32
Weight of Perfluorobenzoyl Peroxide 
Volume of Bromobenzene 
Initial Concentration of Peroxide, [P]^  
Volume of Aliquot Portions 
Thiosulphate Concentration
0.4228 g 
100 ml
O.OO9162M 
10 ml
0.009933 N
1 Time 
1 t(hours)
Titre
(ml)
CP]
(mole/litre)
1
! 0 .1 0
I
18.38 0 .009128
I 0 .5 0 17.27 0.008578
1 0.75 16.67 0 .008283
1 .00 16 .08 0.007986
1 .5 0 15.05 0.007476
2 .0 0 ■ 14.00 0.006944
2 .5 0 13 .20 0.006545
3 .0 0 12 .30 0.006108
k^(obs) = 3 .8 7 X 10~5 sec”  ^. [P]0”5 ^0
log^oCP]
3. 9604
3. 9334 
3. 9182 
3. 9023 
3. 8737
3. 8416 
3. 8166 
3. 7859
* 8
1.0
2.8
2.6
2.2
2.0
2.0
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Table 10
The Total Rate of Decomposition of Perfluorobenzoyl
I - ■■ •«■■■II — —» — —■ — — in 111 a -JT —IW« ■ ■■ «■ m-t
Peroxide in Bromobenzene at 78.2°C
Experiment
No (mole/litre)
[p]0-3
(mole^*^litre^*^)
k (obs) 
-1sec
32 0.009162 0.09572 3 .8 7 X 10*^
33 0 .0183 3 0 .1334 3 .9 7 X 10"5
34 0 .04768 0.2184 3 .9 8 X 10"5
35 0 .09572 0 .3 0 9 4 3 .96 X 10"5
36 0 .2518 0 .5018 3 .8 5 X 10'5
The results show that the peroxide undergoes a first-order induced 
decomposition over the whole of the concentration range and that the observed 
first-order rate constant is equal to:
k^(obs) = (3 .9 4 - 0 c05) X 10 ^ sec ^
The rate of disappearance of perfluorobenzoyl peroxide in bromobenzene
at 7 8.2° over the whole of the concentration range is given by the expression:
-d[P] = k [P] + k ' [P]
dt  ^ ^
where (k^  + k^') = (3-94 - 0 ,0 5) x 10 ^ sec ^.
As in the case of chlorobenzene, values of k^  were not determined
due to experimental discrepancies,
5« Gas-Liquid Chromatographic Analysis of Product Solutions for the
Perfluorobenzoyl Peroxide - Bromobenzene Reaction
Samples (1 0 - 2 0  ml) of the five peroxide solutions from the total rate
experiments were taken and, as described in part 3 of this section, each reaction
was allowed to proceed to completion in the thermostat for 72 hours.
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When this time had elapsed, each solution was treated in the same 
manner as in part 3 and the solvent analysis and product analysis were 
conducted under identical gas chromatographic conditions to those previously 
described for the perfluorobenzoyl peroxide - chlorobenzene reaction.
Gas chromatographic analysis of the solvent fractions indicated 
that nather broraopentafluorobenzene nor pentafluorobenzene were formed as 
products in this reaction. The five chromatograms for this reaction were 
remarkably similar to those previously obtained for the corresponding 
reaction in chlorobenzene in that each chromatogram showed four product 
peaks.
The largest peak was again due to phenyl pentafluorobenzoate but this 
was preceded by two smaller peaks. One of these peaks was identified as
2,3,4,5,6-pentafluorobiphenyl while the other peak was believed to be a 
bromopentafluorobiphenyl. Following the phenyl pentafluorobenzoate peak there 
was a peak which was thought to be an isomer of bromophenyl pentafluorobenzoate. 
This peak was much larger than that obtained for chlorophenyl pentafluorobenzoate 
in the previous reaction.
Pentafluorobenzoic acid was extracted from the solutions by the usual 
method and hydrogen bromide was identified as a product.
The relative proportions of the products which appeared on each 
chromatogram remained constant over the whole of the peroxide concentration 
range and were:-
; ■ ' Relative Proportions Retention Time
i Pentafluorobiphenyl; 1 3-00 Mins
! Bromopentafluorobiphenyl: 2 4.25 "
i-
jPhenyl pentafluorobenzoate 70 8 .5 0 "
. Bromophenyl pentafluorobenzoate 12 14.00 ”
I (1 isomer)
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As with the analogous reaction in chlorobenzene, phenyl pentafluoro­
benzoate and pentafluorobenzoic acid together with small amounts of residue 
were the main products of this reaction.
A chromatogram for this reaction is reproduced as Chromatogram 3-
6 . The Thermal Decomposition of Perfluorobenzoyl Peroxide in
Fluorobenzene
The object of this work was to determine the nature of the products formed 
in this reaction and to compare them with those formed in the analogous reactions 
in chloro- and bromo-benzenes.
Perfluorobenzoyl peroxide (2 .0 0 g) was allowed to decompose in fluoro­
benzene (25 ml, 0.2 Molar) at 78.2° in a thermostat for 72 hours. The product 
solution was worked up as described in Section H3 and the results of the 
duplicated experiment are reproduced in Table 11.
Table 11
! Weight of Pentafluoro­
benzoic acid
Weight of Distillate 
(biaryls + esters)
Residue
(i) 0.364 g 1.333 g 0.644 g
(ii) 0 .3 3 8 g 1.307 g 0 .6 6 0 g
J
Mean |0.351 g 1.321 g 0 .6 5 2 g 
’____  _ .. ___
The initial solvent fractions distilled from the product solutions 
were analysed by gas chromatography. Neither hexafluorobenzene nor pentafluoro­
benzene were detected as products in this reaction.
The gas chromatographic conditions for the product analyses were 
identical to those used for the corresponding reactions in chloro- and 
bromo-benzenes and are also described in part 3 of this section.
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Pentafluorobenzoic acid was isolated from the reaction and the m«po 
and infrared spectrum of the purified product were identical with that of an 
authentic sample. The gas chromatograms for the product solutions and the 
vacuum distillate indicated the presence of two components.
The major component was identified as phenyl pentafluorobenzoate and 
the other component was 2,5,4,5,6-pentafluorobiphenyl. Throughout the reaction, 
hydrogen fluoride was evolved and this was evident from the amount of "glass 
etching" which occurred. 2,3i4,5,6 ,-Pentafluorobiphenyl was formed as a 
major product and this was in distinct contrast to the reaction of the 
peroxide in the other halobenzenes.
The relative proportions of the two products together with their 
retention times are given below:-
Relative Proportions Retention Time 
2,3,4,5,6 ,-Pentafluorobiphenyl 1 3»00 Mins
Phenyl pentafluorobenzoate 2 8.50 "
In Table 12, the earlier product distribution results obtained for
the thermal decomposition of perfluorobenzoyl peroxide in chloro- and
2
bromo- benzenes by Oldham , are compared with the results obtained in this 
experiment.
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Table 12
Product Distribution for the Thermal Decomposition 
of Perfluorobenzoyl Peroxide in C^H^X 
(where X = F, Cl, Br)
>■
(
'Solvent 
1
Initial
Peroxide
Concentration
Weight of 
Perfluoro- 
benzoic acid
Weight of 
Distillate 
(Biaryl and 
Ester)
Weight of 
Residue
w
0 .2 0 M
(for 1 .0 g 
peroxide in 
12 .5 ml)
0.88 M
(1 .0 g
peroxide in 
2 .7 ml)
0 .1 7 6 S 0 .661 g 0 .5 2 6 g
CgHjCl
C.BLBr 
6 5
0 .2 6 8 g 0 .5 8 0 g 0 .2 3 8 g
1 .00 M
(1 .0 g
■ peroxide in 
1 2 .6 ml)
0 .3 7 8 g 0 .7 2 5 g 0 .2 1 6 g
Preliminary kinetic experiments indicated that the system displayed 
first-order induced kinetics with a mean first-order rate constant 
k^(observed)
k^(observed) = 7 -7 0 x 10  ^sec
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SECTION J, The Thermal Decomposition of Benzoyl Peroxide in Hexafluorobenzene 
1 o The Rate of Decomposition in the Presence of "Gal vino xyl*’.
The experimental procedures and techniques were the same as those 
described in Section G and all the experiments were conducted at a temperature 
of 7 8 .2 0 - 0 .05°. These experiments are recorded in Table 13 (Experiments 37-40).
The graphs of D^ against t are reproduced in Graph 9 while the graphs 
of log^^[D^(2j - 1) + D^ ] are given in Graph 10. Experimental agreement was 
usually within the range of - ^  from duplicated experiments. Owing to the 
high cost of hexafluorobenzene, all residues from the reaction flasks were 
collected and later purified according to the procedure outlined in 
Section F3 (c). In each experiment the spectroscopic solvent was deoxygenated 
2,2,4-trimethylpentane.' Experiment 37 is included as a representative reaction.
Experiment 37
Weight of Galvinoxyl 
Weight of Benzoyl Peroxide 
Molar Ratio j = 5»465, 
Volume of hexafluorobenzene 
Purity of Peroxide 
Purity of Galvinoxyl
D = o
-6
7 .5 9 0 X 10 mole 
,-54.046 X 10 
0.658
50 ml
9 9.95# 
9 7.50#
mole
Time
t(mins)
0
2
5
8
10
15
20
25
30
40
Opical Density 
___
0.658
0.645
0.632
0.620
0 .6 0 6
0.580
0 .5 5 0
0.522
0 .4 9 6
0.441
log,o[D^(2j - 1) + D ]^
0 .8560
0 .8553
0 .8545
0 .8537
0.8521
0 .8502
0.8486
0.8470
0.8435
= 1.28 X 10  ^sec
Graph 9
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It can be seen from the above table that the rate constant k , lor
1
the inhibited decomposition of benzoyl peroxide in hexafluorobenzene, does 
not vary over a two-fold range of initial peroxide concentration and 
therefore may be assumed to correspond to the rate constant for the 
unimolecular decomposition.
2o The Total Rate of Decomposition of Benzoyl Peroxide in Hexafluorobenzene
The kinetic runs were carried out at a temperature of 7 8 .2 0 - 0.05° 
according to the procedure described in Section G2. Seven kinetic experiments were 
performed over an initial peroxide concentration range varying from 0,01-0.20 Molar 
and the experimental results are presented in Table l4 (Experiments 4l - 47).
Experimental difficulties were encountered for the analysescf peroxide 
solutions of [P]^ < 0.01 Molar and these led to non-reproducible results.
They have therefore been excluded.
The apparent first-order rate constant k^(observed) is the mean 
result of each duplicated experiment and was obtained from the slope of 
the graph of log^^CP] against t. Agreement between values of k^(observed) 
obtained from duplicate experiments was usually better than - yéo
The graphs of log^ [P] against t for the concentration rangeIJ
investigated are reproduced collectively in Graph 11.
A plot of k^(observed) against [P]^°^ is presented as Graph 12 
and indicates that the peroxide undergoes a 1.5-order induced decomposition 
in this solvent.
All hexafluorobenzene residues were collected and later purified 
by the technique described in Section F3 (c). Experiment 4l is included 
as a representative reaction.
Experiment 4l 152.
V/eight of Benzoyl Peroxide 
Volume of Hexafluorobenzene 
Initial Concentration of Peroxide,[P] 
Volume of Aliquot Portions 
Thiosulphate Concentration
0.3619 g
150 ml
0.009400 M
10 ml 
0.01036 N
Time 
t(hours)
Titre
(ml)
[P]
(mole/litre^
log^oCP]
0.10 18 .04 0.009344 3. 9705
0 .3 0 17 .72 0.009175 3. 9626
1.00 17 .30 0 .008960 3. 9523
1 .50 16.89 0.008746 3. 9418
1 2 .0 0 16 .44 0 .008313 3. 9301
2 .3 0 16 .08 0 .008326 3. 9204
3 .0 0 15.68 0.008119 3. 9095
3 .5 0 15.31 0.007930 3. 8993
4.00 14 .94 0.007736
1
3. 8885
k^(obs) = 1 = 37 X 10  ^sec CP]0 .5 = 0.09970
15),
2.8
2.6
2.2
2.0
6.0
2.0
1.0
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Table 14
The Total Rate of Decomposition of Benzoyl Peroxide 
in Hexafluorobenzene at 7 8.2°C
Experiment [P]^ [P]^“^  k^Cobs
(mole/litre) (mole^°^/litre^°^) (sec"^ )
4l 0.009400 0.09970 1.57 X 10"^
42 0.05187 0.1785 1.50 X 10’^
45 0.05200 0.2280 1.56 X 10 ^
44 0.08585 0.2896 1.60 X 10“^
45 0.1087 0.5298 1.67 X 10"^
46 0.1482 0.5850 1.76 X 10"^
47 0.2118 0.4605 1.92 X 10"^
The kinetic results indicate that the value of k^6bs) varies linearly with 
the square root of the initial peroxide concentration [P]^°^ , so that the 
rate of disappearance of the peroxide is given by:-
-dCP] = k,[P] + ......  (154)
dt ^
This equation is consistent with a 1.5-order induced decomposition of the 
peroxide which occurs concurrently with the first-order unimolecular 
thermal decomposition. The values of the rate constants obtained from Graph 12 
are given below.
The value of k^, obtained from the intercept at [P]^°^ = 0 was
k^  = 1.22 X 10“^ sec"^
This value of k^  is considered to be in reasonable agreement with the value of
k (inhibited) obtained using galvinoxyl.n
k^(inhibited) = (1.54 - 0.04) x 10  ^sec
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The two values of differ by about - 4% and this is within the
experimental error. The value of k was obtained from the slope of
lop
Graph 12 and was;-
 ^= 1.4; X 10"5 sec*’.
The total decomposition of benzoyl peroxide in hexafluorobenzene
at 7 8.20° can be represented by the following rate equation:-
-d[P] = (1.22[P] + 1.43[P]1"5 ) X 1 0 '5 ........ (155)
dt
The observed kinetics are of a similar type to those reported for the 
decomposition of benzoyl peroxide in benzene by Gill and V/illiaras^  ^(I965). 
They reported the following values for the respective rate constants:- 
k^(extrapolated) = 1 .88 x 10 ^ sec ^
k = 3 .7 4 X 10"5 sec
while, k^ (inhibited) obtained in the presence of galvinoxyl was:-
k^ (inhilited) = 1 .66 x 10  ^sec
The total decomposition of benzoyl peroxide in benzene at 78° is 
therefore represented by the rate equation;-
-d[P] = (0.22[p3 + i.66r,P] + 3.7 4[P]1'5 ) X 10'^ ....... (156)
dt
The thermal decomposition of benzoyl peroxide in hexafluorobenzene at 
78° appears to be much slower than the corresponding reaction in benzene.
3» The Distribution of the reaction Products for the Thermal
Decomposition of Benzoyl Peroxide in Hexafluorobenzene
•»—— — — ^    I - !■    II M . - - 1 —- M .  Mini • ^  Ml I .
The product distribution experiments for the benzoyl peroxide - 
hexafluorobenzene reaction were carried out at five initial peroxide 
concentrations ranging from O.0 3 - 0.17 Molar. All experiments were 
carried out at a temperature of 7 8 .2 - 0 .05° in the same manner as described 
in Section G6 and each reaction was allowed to proceed for 72 hours. On
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removal, from the thermostat and on subsequent cooling, the solutions were 
analysed for the following products, benzoic acid, 2,3,4,5,6-pentafluoro- 
biphenyl, 2,2,3,4,5,6-hexafluorobiphenyl and residue. The solutions were 
analysed according to the methods described in Section G6.
For the experiment at 0.0297 molar, 1.50 g of peroxide was used in 
210 ml of hexafluorobenzene and the resulting product yields were scaled 
up by a factor of 1.333»
In the other four experiments, 2.00 g of peroxide was used in each 
case and the volumes of hexafluorobenzene employed were respectively 165,
105, 6 3 .5 and 50 ml.
All experiments were performed according to Procedure A described in 
Section G6 and Procedure B was omitted, since dihydrobiaryls were not expected 
to be products of this reaction. Each product distribution experiment was 
performed in duplicate.
(a) Benzoic acid
This acid was extracted as a brownish solid using the method described 
in Section G6. The melting point of the acid was 117-119° (Lit. m.p. 122°) 
but the infrared spectrum was found to be identical to that of a pure specimen.
(b) 2,3,4,5,6,-pentafluorobiphenyl
This compound was estimated by the gas chromatographic technique 
described in Section G6 and was also isolated quantitatively by the column 
chromatographic method described in the same section. It was obtained as a 
white crystalline solid which melted between 110 - 111° (Lit. m.p. Ill -112°) 
and the infrared spectrum was identical to that of a pure specimen.
The yield of this biaryl, isolated by column chromatography, was corrected 
so as to allow for the small amount ( /4v'40 mg) of internal standard 
(decafluorobiphenyl) present as well as for the small quantity of the 
hexafluorobiphenyl which had previously been determined by gas chromatography.
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(c) 2,2'3,4,5,6"hexafluorobiphenyl
This product was identified by the technique of g.I.e./mass 
spectrometry (instrument G.E.C.-A.E.I. MS.12) using a sample of the biaryl 
fraction isolated from the product mixture by both column chromatography 
and preparative gas chromatography (Perkin-Elmer F„2l). G.l.c. showed that 
the biaryl fraction contained two components; the first peak gave a molecular 
ion of m/e 262 which corresponded to 2 ,2 ’,3 ,4,5,6-hexafluorobiphenyl while 
the second peak gave a molecular ion of m/e 244 corresponding to 2,3,4,5*6- 
pentafluorobiphenyl. Authentic samples of both 2,2',3,4,5,6-hexafluoro- 
biphenyl and 2 ,3,4,5,6-pentafluorobiphenyl were used in order to verify the 
identification. Approximate estimates of the yield of this compound were made 
using gas chromatography.
(d) Esters
High sensitivity gas chromatography revealed that the expected 
product, pentafluorophenyl benzoate, was not produced in this reaction. It 
was concluded from extensive gas chromatographic analysis that esters are not 
formed as products in the reaction,
(e) Residue
The yield of residue was obtained from the difference between the 
yield of products before and after column chromatographic separation of the 
biaryl fractions. Crystalline portions of the residue were later obtained 
from the same column and the melting ranges and infrared spectra were determined.
All residue fractions showed similar infrared spectra and in general, 
the melting points varied from 125 - 133°. The spectra bore slight 
resemblances to those of pp' and op'- quaterphenyls and perfluoroquaterphenyls 
and the molecular weight determinations, using the "Mechrolab” instrument, 
were in the region 515 - 525, The spectra also resembled those of the
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crystalline portions of the residue obtained from the perfluorobenzoyl 
peroxide-benzene reaction. The semi-micro analyses indicated that the residue 
consisted of a mixture of compounds containing carbon, hydrogen and fluorine.
A typical analysis from Bernhardt’s gave;
C, 5 6 ,7 H, 2.4 F, 3 6 ,0
which is more or less intermediate between the two possible formulae
These two compounds require the following elemental analyses.
requires (C, 59.00; H, 2.10; F, 38.90).
(C^gFgH^)^ requires (C, 54.?6; H, 1,92; F, 43,32).
The evidence appears to show that the residue from this reaction 
comprises of a mixture of isomers of the type:-
^24^10^12 
(M.W. 326)
F F F F
F F F F
^24^10^10 
(M.W. 488)
-1
(i.e. n = 2)
A small absorption band occurred in the infrared at 1730 cm ' and this 
may be indicative of small quantities (< 3%) of ester-type compounds present 
in the residue. The main absorption bands in the infrared spectrum of the 
crystalline residue were:-
Strong; 3400, 1540., 13Q0, 1l6p, 1050 , 740 , 700 cm’
Weak: 1730, l640, l4^ 0, 98O, 790 cm"^
-1
l6 0.,
The analytical results are presented in Table 15 (Experiments 48-52) and 
the product distributions are reproduced in Graph 15.
Product yields are expressed as moles of product per mole of peroxide 
decomposed and the molecular weight of the residue is based on the formula
In the summations, based on the weight of phenyl radicals which can be 
obtained from 2 .0 g peroxide, it is assumed that each product contains one 
phenyl group from the peroxide whereas the residue contains two.
Table 15
Product Distribution for the Thermal Decomposition 
of Benzoyl Peroxide in Hexafluorobenzene at ?8.2°
Reaction
Product
Molecular 
Weight
Initial Peroxide Concentration, 1 
(mole/litre) > 4
0.0297 0 .0500 0 .0786 0 .1 1 8 0 .165
Benzoic Acid 122.1 0.034 0 .0 3 2 0 .0 6 0 0 .0 7 3 0 .087
2,5»4,5,6-Penta-
fluorobiphenyl 244.2 0 .8 8 2 0 .9 4 3 1.037 1.096 1.048
2,2 ',3,4,5,6-hexa- 
fluorobiphenyl 262 .2 0.057 0 .0 6 6 0 .0 8 2 0 .1 0 3 0 .0 9 3
Residue 526.3 0.540 0.482 0 .3 6 3 0 .2 9 6 0.273
Experiment No. 48 49 50 51 52
Percentage of Radicals 
accounted for:- 102.7# 100.2# 9 5.2# 9 5.2# 88.7#
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4. Gas-Liquid Chromatographic Analysis
(a) Analysis for benzene and fluorobenzene
On removal of the benzoic acid from a product solution, the solvent 
was removed by fractional distillation. The portion of the solvent distilling 
off between 70-90° was collected in several fractions and each fraction was 
examined by low temperature gas-chromatography for the presence of both benzene 
and fluorobenzene. Benzene was identified as a product of the reaction but 
fluorobenzene was not.
(b) General gas-chromatographic analysis
Samples of each product distribution were subjected to routine high 
sensitivity gas chromatographic analysis in order to determine the nature of 
the products formed in this reaction. Each chromatogram indicated the presence 
of the.following compounds only; benzene, 2,2',3,4,5,6-hexafluorobiphenyl and
2,3,4,5,6-pentafluorobiphenyl. A typic^ chromatogram for a product solution 
is reproduced as Chromatogram 4. (F.21, Apiezon L on Chromosorb P at 220°G)«
The retention times of the products under the above conditions were:-
Product Retention Time
Hexafluorobenzene (Solvent) 0.05 Mins
Benzene 0.10 "
2i2',5i4,5,6-hexafluorobiphenyl 1 .00 ’*
2,5,4,5,6-pentafluorobiphenyl 1-66 "
(c) Estimation of 2,3,4,5,6-pentafluorobiphenyl 
The yield of this compound produced in each product distribution 
experiment was estimated by gas chromatography according to the method described 
in Section G6 . Decafluorobiohenyl was selected as an internal standard for 
the analysis since it gave and excellent response, was available in a high
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state of purity and also it had a suitable retention time» A small part of the 
hexafluorobiphenyl peak, however, coincided with the internal standard peak 
and a slight correction was necessary to the decafluorobiphenyl peak height 
using a correction graph. Apart from this the analytical results were in 
excellent agreement with the yield of 2,3,4,5,6-pentafluorobiphenyl separated 
by column chromatography.
The calibration graph for this analysis is reproduced as Graph l4 and 
Table 16 contains a series of values of the Relative Peak Heights (R.P.H.) of 
the pentafluorobiphenyl to decafluorobiphenyl obtained for the five product 
distribution experiments.
Table l6
Gas Chromatographic Analysis of 2,3,4,5,6-Pentafluorobiphenyl 
using Decafluorobiphenyl as an InternalStandard
Experiment
No.
Initial 
Molar Cone.
Wt. of
^12^10(3)
in 5 ml 
Soltn,
Total 
Volume of 
Product 
Soltn,
Relative
Peak
Height
^12^5%'
^12^10^
Molar 
Ratio 
(Graph l4)
Yield
48 (a) 0 .0297 0.04i7 50 ml 1.78 4.44 1.8027
(b) 1 .8 3 4 .5 2
(Scale 
by 1.353)
1.8355
49 (a) 0 .0 5 0 0 0.0417 50 ml 2 .5 7 6 .3 0 1.9147
(b) 2 .6 0 6.42 1 .9583
50 (a) 0 .0 7 8 6 0.04l? 130 ml 2 ,8 3 6 .9 4 2 .1159
(b) 2 .8 3 6 .9 2 2 .1108
51 (a) 0 .1 1 8 0.04l? 50 ml 3 .0 0 7 .2 6 2.2131
(b) 2 .9 5 7 .2 0 2 .1963
52 (a) 0 .165 0.04l7 75 ml 2 .9 5 7 .2 0 2 .2036
(b) 3 .0 0 7 .2 6 2.1864
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(d) Estimation of 2,2’3i4,5i6-hexafluorobiphenyl
An estimate of the yield of this product produced in each experiment 
was made by comparing the height of its respective peak with that of the
2,3,4,5,6-pentafluorobiphenyl peak in each case. Preliminary investigation 
had shown that the responses (peak heights) of the hexafluorobiphenyl were 
almost exactly the same as those for decafluorobiphenyl when in the same molar 
ratios to those employed in the calibration graph of ,the pentafluorobiphenyl- 
decafluorobiphenyl system. Since the yield of 2,3,4,5,6-pentafluorobiphenyl 
was known in each case, the yield of the hexafluorobiphenyl could be estimated.
5. Ulatra-violet Spectroscopy of the Benzoyl Peroxide-
Hexafluorobenzene System.
In comparison to the perfluorobenzoyl peroxide-benzene reaction it was 
assumed that %-compleximg would be expected to occur between benzoyl peroxide 
and hexafluorobenzene. Evidence for n-complexing in this reaction, by the 
observance of spectral shifts in the u.v. spectrum of benzoyl peroxide in 
hexafluorobenzene (solvent), was not forthcoming due to the extremely strong 
absorption of hexafluorobenzene.
However, the assumed formation of such m-complexes in this reaction is 
justified on the grounds of the evidence produced in Section H6.
166.
Graph 14
Relatihre Ppak Height (R.P.H.) 
(taking peak as 1.0 )
5.0
4.0
3.0
2.0
.0
0 4.0 6.0 8.02.0 10.0 12 .0
Molar Ratio
167.
SECTION K. The Decomposition of Piaroyl Peroxides in Perfluoroalicyclic Solvents 
The purpose of this work was to find a solvent or group of solvents which 
were insert to free radical attack. Perfluorocarbons were considered to be 
suitable solvents for this purpose since the C-F bond energy is very large
80( '2 :' k.cal/raole) in comparison to other single bonds involving carbon 
as one of the participants. It was considered that fluorine abstraction by 
radicals in these solvents might be energetically unfavourable. Since the 
reactions of phenyl radicals in aromatic fluorocarbons (e.g. hexafluorobenzene) 
led to phénylation of the solvent, the analogous fully saturated perfluoro­
alicyclic compounds were investigated.
1o Experimental Method
The two diaroyl peroxides previously used in this work, benzoyl and 
perfluorobenzoyl peroxide, were in turn allowed to thermally decompose in the 
following perfluorinated solvents
(a) perfluoromethylcyclohexane
(b) perfluoro-(l,3-dimethylcyclohexane)
(c) perfluorodecalin (75^ trans ; Z3% cis)
(d) perfluoro-(1-methyldecal in)
A weighed amount of peroxide was added to the pure solvent (10 ml) in a 
dry, nitrogen filled Carius tube and then the tube was sealed using an oxy-gas 
burner. The initial peroxide concentration was 0.10 Molar for perfluorobenzoyl 
peroxide and 0.02 Molar for benzoyl peroxide. Having sealed the peroxide 
solution into a Carius tube, each tube was placed inside a piece of sealed 
double-capped water pipe and was then placed in a thermostatic bath.
The temperature at which each reaction was conducted was either 80° or 
150°, depending on the boiling point of the particular solvent.
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Two reactions were conducted at a time in the thermostat and were so 
arranged that one tube contained benzoyl peroxide while the other contained 
perfluorobenzoyl peroxide both in the same solvent. Each reaction was 
allowed to proceed for 9 6  hours until it had reached completion. At the end 
of this period, each Carius tube was opened in turn and each solution was 
analysed in the following manner.
The solvent was separated from the solid products by filtration and 
was fractionally distilled. The distillate was divided into several fractions 
and each fraction was analysed by low temperature high sensitivity gas- 
chromatography for the presence of:
(a) fluorobenzene and benzene in the case of benzoyl peroxide;
(b) hexafluorobenzene in the case of perfluorobenzoyl peroxide.
The presence of either fluorobenzene in (a) or hexafluorobenzene in (b) 
would indicate fluorine abstraction by either phenyl or pentafluorophenyl 
radicals from the solvent. The presence of benzene in (a) would show that 
hydrogen abstraction by phenyl radicals had occurred from hydroaromatic 
products derived from the peroxide.
A small quantity of the solvent remained in the distillation flask 
in each case and this was also subjected to gas chromatographic analysis.
The solid residue was washed with ether (5 ml) and was again filtered off.
A few drops of the filtrate were examined by gas chromatography in order 
to identify any ether soluble products from the reaction.
The residue was dried, weighed and its infrared spectrum was determined. 
Finally a sample was sent for semimicro analysis. The residues from all these 
reactions wore slightly soluble in benzene and samples of these solutions 
were also analysed by gas chromatography.
A disadvantage of these solvents is that they are not particularly good 
as solvents and a series of solubility tests were carried out in order to 
determine the maximum solubility of each peroxide (g per litre) in a solvent
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at the experimental temperature. The solubility bests were carried out 
in the following manner.
A weighed excess of peroxide was added to the solvent (9 ml) and the 
solution was heated up to the reaction temperature by immersion in the 
thermostat When it was considered that the maximum amount of peroxide had 
dissolved in the solvent at the ther-ostat temperature, the solution containing 
the excess peroxide was filtered rapidly through a preheated (to thermostat 
temperature) sintered glass crucible. The excess peroxide was washed into a 
three-necked titration flask ( 2 5 0  ml) with acetone ( 2 5  ml) and after adding 
water (25 ml) and potassium iodide (l.O g), the liberated iodine was estimated 
by the dead-stop potentiometric technique described in Section G3=
Using this method it was possible to calculate the maximum solubility 
of the peroxide in the solvent at the reaction temperature by simply subtracting 
the weight of excess peroxide from the initial weight of peroxide used and 
multiplying the result by 2 0 0  so that the answer could be expressed in terms 
of g per litre.
In the following experiments the maximum solubility of the peroxide 
at the experimental temperature is given for each solvent.
2. The Thermal Decomposition of Benzoyl Peroxide in Perfluoroalicyclic
Solvents
(a) perfluoromethylcyclohexane
(Colourless volatile liquid, m.p. -37°, b.p. 7^ , Molecular Weight 550.06) 
Maximum concentration of benzoyl peroxide at 80.0 = 5»1 g/0.itre (0.021 Molar).
Benzoyl peroxide (50 mg) was allowed to thermally decompose in perfluoro­
methylcyclohexane (10 ml) at a temperature of 80.0° for 96 hours. At the end 
of this period it was noticed that a dark brown insoluble residue had formed 
in the solvent.
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The solvent also contained a fluffy white solid which was identified 
as benzoic acid (m.p. 110-114° Lit, m.p. 122°) from its infrared spectrum 
and at the top of the tube, sublimed needle-shaped crystals of benzoic acid had 
formed (m.p. 118-119°), The benzoic acid (13 mg) was removed by filtration 
and estimated by weighing.
Gas chromatographic analysis of the fractionally distilled solvent 
fractions indicated that neither benzene nor fluorobenzene were formed as 
products of the reaction.
Gas chromatographic analysis of the remaining solvent showed that it 
contained very small quantities of both biphenyl and phenyl benzoate which 
were not possible to estimate. The residue was isolated, dried in a vacuum 
oven and then its infrared spectrum was determined. The gas chromatographic 
analysis of a sample of the residue in benzene showed that it contained 
traces of biphenyl, phenyl benzoate and ortho- and para- terphenyl.
(F, 21, Apiezon L on Chromosorb P at 220°G),
The residue had a melting range of 55-65° and its semimicro analysis 
indicated that it consisted of:-
C, 72.10# ; H, 4.76# ; F, 0#,
Oxygon v;as believed to make up the rest of the residue’s composition.
The infrared spectrum of the residue was in some respects similar to the 
spectra of polyaryl species but the very strong absorption at 1 ? 6 0  cm 
showed that a number of carbonyl groups were also present,
(b) Perfluoro-(1,3-dimethylcyclohexane)
(Colourless volatile liquid, b.p, 99-100°, Mol, Wt, 400,l),
Maximum concentration of benzoyl peroxide at 80,0° = 3.6 g/litre (0,018 Molar), 
As in (a), benzoyl peroxide (50 mg) was allowed to decompose in 
perfluoro-(l,3 -dimethylcyclohexane) ( 1 0  ml) at a temperature of 8 0 ,0 ° 
for 9 6  hours.
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The analytical procedure was exactly the same as that used for the previous 
experiment and the following results were obtained.
Benzoic acid (15 mg ) was isolated from the solution as a white fluffy 
solid and once again sublimed crystals of the acid were observed at the top 
of the Carius tube. The solvent analysis showed no signs of the presence of 
either benzene or fluorobenzene. The gas chromatographic analysis [conditions 
as in (a)] indicated that the solvent and the residue contained very small 
quantities of biphenyl and phenyl benzoate. The residue had a melting range 
of 5 0 -6 0 °. The semi-micro analysis showed that it consisted of:- 
C, 73.22#; H, 4.68#; F, Q#
Its infrared spectrum was almost identical to that of the residue 
formed in the previous reaction (a).
(c) and (d) perfluorodecalin (7 5 # trans ; 2 5 # cis)
'V-- (Colourless oilyliquid, m.p. -10°, b.p. 142°, Molecular Weight 462.1).
Maximum concentration of benzoyl peroxide
at (i) 8 0 .C° = 4.4 g/litre = O.O1 8  Molar,
at (ii) 1 5 0 .0 ° = Not known
perfluoro-(1 -methyldecal in)
(Colourless oily liquid, b.p. l6 l°. Molecular V/eight 512.1)
Maximum concentration of benzoyl peroxide
at (i) 8 0 .0 ° = 7.3 g/litre = O.O3 O Molar
at (ii) 1 5 0 .0 ° = Not known
T.vo experiments were carried out for each solvent. In the first one, 
benzoyl peroxide ( 5 0  rag) was allowed to decompose in the solvent ( 1 0  ml) for 
9 6  hours at 8 0 .0 ° while in the second, the peroxide ( 5 0  mg) was sillowed to 
decompose in the solvent (IO ml) for 9 6  hours at 150.0°. The analytical methods 
and conditions were identical to those used in the first two experiments,
(a) and (b) and a summary of the results is given in Table 17.
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Table 1?
Products of the Reactions of Benzoyl Peroxide in 
Perfluorodecalin and Perfluoromethyldecal in at 
8 0 .0 ° and 1 5 0 .0 °
Solvent React:
Temp.
_cn Solvent 
Analysis
Yield of
Benzoic
Acid
Solution
Analysis
Residue
Melting
Range
Microanalysis 
of Residue
Per­
fluoro­
80° No CgHg 
No CgHjF
24 mg BiphenylPhenyl
Benzoate
45-50° C 75.5C^
H 4.61# 
F 0^
decalin
150° 11 30 mg 11 46-52° c 73. W
H 4.52%
F afo
Per-
fluoro-
80° 11 20 mg 11 4o-46° C73.50# 
H 3.68% 
F
(1 -IT ethyl 
decalin) 150° 1 1 9  mg 1 45-50° c 74.69^
H 3-92%
F an
The infrared spectra of the residues isolated from these reactions bore
striking resemblances to those recorded for the residues in experiments (a) 
and (b). The following absorption bands were recorded for the infrared spectrum 
of a typical reaction residue:-
Strong:
Weak:
3.
1 7 6 0 , 1 6 0 0 , 1450, 1 2 2 0 , 1 0 0 0 , 7 0 0  cm-1
3 1 0 0 , 1 7 8 0 , 1 6 8 0 , 1420, 1 3 2 0 , 1 1 7 0 , 1 0 3 0 , 8 5 0 , 8 0 0  cm-1
The Thermal Decomposition of Perfluorobenzoyl Peroxide in Perfluoro- 
aJ icy die Solvents
(a) perfluoromethyl cyclohexane
Maximum concentration of perfluorobenzoyl peroxide at 
8 0 .0 ° = 124 g/litre =0.30 Molar
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(b) porfluoro-C1,3 -dime thylcy clohexane)
Maximum concentration of perfluorobenzoyl peroxide at 
8 0 .0 ° = 114 g/litre = 0.2? Molar
( c) perfluorodecalin (7 5 # trans : 2 5 # cis)
Maximum concentration of perfluorobenzoyl peroxiae 
at (i) 8 0 .0 ° = 400 g/litre = 0.95 Molar
at (ii) 1 5 0 .0 ° = Not known.
(d) perfluoro-(1 -methyldecalin)
Maximum concentration of perfluorobenzoyl peroxide 
at (i) 8 0 .0 ° = 4 7 3  g/litre = 1.12 Molar
(ii) 1 5 0 .0 ° = Not known.
Perfluorobenzoyl peroxide (0.42 g) was allowed to thermally decompose 
in each of the four solvents (10 ml, 0.10 Molar) at either a temperature of 
8 0 ° or 1 5 0 ° for 9 6  hours. At the end of this time, each solution was analysed 
in a similar way to that described for the previous experiments in this 
series. The gas-chromatographic conditions for the solvent and product analyses 
were also identical to those used in part (iii).
The following general observations were applicable to all the product 
solutions. Perfluorobenzoyl peroxide has a far greater solubility in these 
solvents than benzoyl peroxide and solutions of 0.1 Molar were readily obtained.
Pentafluorobenzoic acid was not isolated as a product of any reaction and
the solvent analyses showed that hexafluorobenzene was not formed as a result 
of fluorine-abstraction by pentafluorophenyl radicals.
The only soluble products detected were decafluorobiphenyl and 
pentafluorophenyl pentafluorobenzoate but were formed in such small quantities 
that estimation was not possible. The residue in each case was a pale yellow 
solid which had a high melting point and possessed an infrared spectrum which
174.
had similar characteristics to the perfluoropolyaryls. All the spectra 
were very similar and each one showed medium strength carbonyl absorptions 
at 1 7 8 0  cm o^
The spectra had the following main absorption bands
Strong: 1 7 8 0 , 1510, 1 3 OO, 1000 cm"^
Weak: 5000, 1 6 5 O, 10?0, 790, ?40 cm \
Samples of the residue were sent for semi-micro analyses and from 
the carbon-fluorine analyses it was possible to deduce that reactions with 
the solvent had not occurred.
A complete summary of all the results is given in Table 1 8 .
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4. General Observations on the Thermal Decomposition of Diaroyl
Peroxides in Perfluoroalicyclic solvents
Carbon dioxide was identified as a product of every reaction in 
this series but hydrogen fluoride was not formed as a product in any 
reaction*
Cumene was introduced into several of these solutions in the 
hope that it would act as a "radical-trap”* In this way it was hoped 
that the fragments of the peroxide decomposition might be recovered 
quantitatively as either the corresponding arene or carboxylic acid.
Unfortunately, cumene was completely immiscible with all these 
solvents.
The use of compounds such as C^F^.CH^ and C^F^.GHCCH^)^ ns 
radical traps would be a useful exercise since these compounds possess 
a-hydrogen atoms and would be expected to be soluble in perfluoroalicyclic 
solvents.
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CPL\PTER III DISCUSSION 
SECTION Lq Introduction to Kinetic Investigations
1 o Kinouic Rate Equations
Previous investigations into the kinetics of the thermal decomposition
of diaroyl peroxides in aromatic solvents have shown that, in general, the
kinetic rate equation governing such reactions can be one or other of two
distinct forms. In each case, a first-order unimolecular decomposition of
the peroxide is observed and this corresponds to the initial homolysis of the
peroxy bond yielding two aroyloxy radicals. This process is in turn
superimposed on a free-radical induced decomposition of the peroxide which
is found to be either first- or 1,5- order. The two general rate equations
may be represented as follows:-
-d[P] = k [P] + k ' [P] ........ (15V)
dt
or -dCP] = k.[P] + k. clP]1 '5 ........ (158)
"dt“  ^
where [P] is the peroxide concentration, k^  and k^' first-order rate constants
and k is a 1,5-order rate constant. In some cases^^ , both rate equations 
1 of
may be found to occur in a reaction but usually each form covers a different 
initial peroxide concentration range. This situation was found to occur in 
the thermal, decomposition of perfluorobenzoyl peroxide in benzene where 
equation (157) was obeyed at initial peroxide concentrations, [P]^ , greater 
than 0,028 Molar and equation (158) was obeyed at [P]^  below 0,028 Molar.
However, the thermal decomposition of perfluorobenzoyl peroxide in 
chlorobenzene and bromobenzene obeyed equation (157) over the whole of the 
peroxide concentration range studied. The thermal decomposition of benzoyl 
peroxide in hexafluorobenzene was found to follow equation (158),
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The yÂ:lJs of the individual reaction products formel in the above 
series of reactions were found to bo dependent on the initial peroxide 
concentrations employed in each case. Although the types of product formed 
in these reactions wore similar (i.e. arene carboxylic acid, biaryl, esters 
and high-boiling residue) their relative proportions were dependent on the 
kinetic rate expression governing the thermal decomposition of the particular 
diaroyl peroxide in the chosen aromatic solvent.
First-order Induced Decomposition
In the perfluorobenzoyl peroxide - benzene reaction, at initial 
peroxide concentrations greater than 0.028 Molar, the product distribution 
was found to be fairly constant. In this concentration range, the peroxide 
was observed to undergo a first-order induced decomposition,
(i) Pentafluorobenzoic acid was formed in high yield (> 0 ,7 mole/mole 
of peroxide).
(ii) 2,3,4,5,6-pentafluorobiphonyl was also formed in high yield
(> 0 , 5  mole/mole of peroxide).
(iii) 2,5,4,5,6-pentafluorodihydrobiphenyl was detected as a product of
the reaction in very low yield 0 . 0 2  mole/mole of peroxide),
(iv) Phenyl pentafluorobcnzoate was produced in low yield
0 , 2  mole/mole of peroxide),
(v) Small quantities of pentafluorophenyl pentafluorobcnzoate
were also produced (ü* 0.04 mole/mole of peroxide),
residue
(vi) The high-boiling reaction/was formed in low yield 
(2 /0 . 2  mole/mole of peroxide).
At the initial peroxide concentrations greater than 0.028 Molar 
nearly 60^ of the peroxide can be accounted for as acid and biaryl. Although 
the perfluorobenzoyl peroxide - chlorobenzene and bromobenzene reactions 
exhibited first-order induced kinetics over the whole of the [P]^  ranges 
studied, no extensive product distribution experiments were carried out.
i8o.
However, the following reaction products were identified by gas 
chromato graphy.
(a) Perfluorobenzoyl Peroxide - Chlorobenzene Reaction,
Phenyl pentafluorobenzoate, 2 ,3,4,5 ,6-pentafluorobiphenyl, 
chloropentafluorobiphenyl (1 isomer), chlorophenyl pentafluoro- 
benzoates (2 isomers),
(b) Perfluorobenzoyl Peroxide - Bromobenzene Reaction,
Phenyl pentafluorobenzoate, 2,3,4 ,5 ,6-pontafluorpbiphbnyl bromopenta- 
fluorobiphenyl (1 isomer), bromophenyl pentafluorobenzoate (1 isomer),
1,5-order Induced Decomposition
Below 0,028 Molar, the perfluorobenzoyl peroxide-benzene reaction
was found to exhibit 1,3-order induced kinetics and this gave rise to a
slightly different type of product distribution. The product yields were
now found to be dependent on the initial peroxide concentration, [P]^ ,
(i) The yield of pentafluorobenzoic acid varied from 0 ,5-0,? mole/
mole peroxide and was found to reach the higher value at higher [P]^
(i.e. > 0,028 Molar),
(ii) High yields of 2 ,3,4,5 ,6-pentafluorobiphenyl were again obtained
(0,5-0,6 mole/mole peroxide).
In this case the yield of this biaryl was found to decrease with
increasing [P]^ so that the value of 0,5 mole/mole peroxide was obtained at
[P] > 0,028 Molar, ...o
(iii) The estimated yield of,2 ,3,4 ,5 ,6-pentafluorodihydrobiphenyl was 
found to vary between 0 ,03 - 0,05 mole/mole of peroxide. The yield of this 
product decreased with increasing [P] ,
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(iv) The phenyl pentafluorobenzoate yield (0,10 - 0,15 mole/mole 
peroxide) decreased with increasing and reached a steady value of
0,01 mole/mole of peroxide at [P]^  ^ 0,028 Molar,
(v) The yield of pentafluorophenyl pentafluorobenzoate (0,04 mole/ 
mole of peroxide) remained fairly constant over the whole of the [P]^  range 
investigated,
(vi) The quantity of high-boiling residue produced in this reaction
decreased slightly (from 0 ,24 - 0,20 mole/mole of peroxide) with increasing
[P] , o
(vii) Pentafluorobenzene was not detected as a reaction product so that 
abstraction of hydrogen by pentafluorophenyl radicals could not have occurred,
(viii) Carbon dioxide was detected as a product.
The thermal decomposition of benzoyl peroxide in hexafluorobenzene
exhibited a 1,5-order induced decomposition over the whole of the peroxide
concentration range investigated (i,e. from 0,01 - 0 ,2 Molar) and as in the
previous reaction, the product yields were dependent on the initial peroxide
concentration, [P] , o
(i) 2, 4 ,5 ,6-Pentafluorobiphenyl was obtained in high yield 
(0 ,9 - 1.0 mole/mole of peroxide). The yield gradually increased with 
increasing [P]^ ,
(ii) A very small yield of benzoic acid was produced (0 ,0 3 - 0,09 mole/ 
mole of peroxide) in this reaction and increased slowly with increasing [P]^ .
(iii) A small but significant amount of 2,2’,3i4 ,5 ?6-hexafluorobiphenyl 
(0,05 - 0,1 mole/mole of peroxide) was detected as a reaction product. The 
yield of this compound tended to increase towards higher [P]^ ,
(iv) Esters (e,g, pentafluorophenyl benzoate) were not detected (by g.l,c,) 
as products of this reaction.
182.
(v) A substantial yield of high-boiling residue (0 ,30 - 0.33 mole/ 
mole or peroxide) was obtained and this was found to decrease towards 
higher [P]^ ,
(vi) A small quantity of benzene was identified (by g.l.c.) as a 
product of this reaction.
(vii) Since fluorobenzene was not detected as a reaction product, abstraction 
of fluorine by phenyl radicals did not occur.
(viii) During the course of the reaction, the walls of the glass reaction 
flasks were etched by hydrogen fluoride which was evolved as a reaction product,
(ix) Carbon dioxide was also identified as a product.
The combined yields of biaryl and acid produced in this reaction accounted 
for 62^ of the peroxide decomposed. In order that satisfactory mechanisms 
can be proposed for the diaroyl peroxide-aromatic solvent systems described 
in this work, all the observed facts must be explained and correlated with 
the measured rate constants obtained for (a) the unimolecular thermal 
dissociations and (b) the induced decompositions.
The fraction,*;- , described in Section D(5), enables the function of 
peroxide decomposing either by the primary or the induced decomposition 
to be calculated at any value of [P]^ . The molar yields of the individual 
reaction products can then be compared with f  if they are produced in the 
primary decomposition and with (1 -  f - ) if produced in the induced decomposition.
Finally,, f  , can be compared with the summation g, which is the sum 
of the total molar yield of products formed in the chain termination 
reactions. The molar yield of any chain termination product is halved if it 
is formed by a disproportionation reaction.
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SECTION Mo The Mechanism of the Theimal Decomposition of Perfluorobenzoyl
Peroxide in Benzene
1. The Reaction* Mechanism
The rate constants determined experimentally for the thermal
decomposition of perfluorobenzoyl peroxide in benzene at ?8o2^C have been
used in order to calculate values of the function j at different values of
[P]^  as defined by equations (159) and (l60):
For [P] < 0.028 Molar,o
f
IH[P]O
where K - ^1.3
ki
K  [ p ] ° ”5  - I n  (1 +  K  [ P ] ° " 5 )  . . . . . . . .  (159)
o o I
>
u
For [^ ] > 0.028 Molar.o
4 = %i (160)
kl + %l'
The experimental data for this reaction is reproduced in Table 19 
together with the calculated values of f and (1 - f ) which are compared to 
the molar yields of the various reaction products. The functionis also 
correlated with the function g which is an estimate of the total yield of 
reaction products formed in the termination reactions.
l84.
Table 19
The Correlation between the Kinetics and the Products 
of the Thermal Decomposition of Perfluorobenzoyl 
Peroxide in Benzene
Reaction Product
P a n t af1uo ro be nzo i c 
acid (a)
j 2 ,3,4,3 ,6-pentafluoro-
■’"iphenyl <!b)
. ^33,^.5,6-pentafluoro- 
|di hydrobipheryl ( c)
Phenyl pentafluoro­
benzoate (d)
Pentafluorophenyl 
pentafluorobenzoate (e)
^Residue (h)
? t
(1 -f )
't (b+c+d-a)-t-e+h = g
[P]^  (mole/litre)
0.00308 0.00987 0.0206 0.079 0.138
0.350 0.641 0.712 0.741 0.743
0.358 0.346 0.334 0.507 0.509
G.032 0.036 0.022 0.013 0.017
0.155 0.138 0.124 0.116 0.119
0.035 0.038 0.042 0 .04l 0.039
0.235 0.222 0.214 0.195 0.197
0.382 0.312 0.242 0.138 0.138
0.618 0.688 0.758 0.862 0.862
0.378 0.3&0 0.240 0.183 0.186
* The residue is calculated as decafluorotetrahydroquaterphenyl.
'! The value of f is calculated from equations (37) and (3 8 ), according
to the kinetic form at the particular initial peroxide concentration, [P]^ .
The following mechanism is proposed for the thermal decomposition of 
perfluorobenzoyl peroxide in benzene at 78 .2 C. This mechanism not only 
accounts for the variation in the yields of the reaction products given in
Table 19 but also it is consistent with the observed kinetics.
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The proposed reaction scheme is as follows :
(CgF^COO)^  ^ 2 CgF^.COO' ........ (l6l)
C g F ^ C O . O .  ^  CgFg- + COg ........ (162)
+ CgHg  > CgF^.CgHg' (o-complex) ........ (163)
|cgF^CO.O- + CgHg --- ^ CgF^.CO.OCgHg- (o-coraplex) ..... (164)
(CgFj.CgHg. + (CgFgCOO)^ - »  CgF^.CgH^ + b b - ^ 2 ®  CgFj-COO- (165)
(CgFg.CO.OCgHg. + (CgF^COO)^ — >  CgF^CO.OCgH^ + CgF^.CO^H + CgF^.COO- (166)
(CgFj.CgHg. + CgFjCOO. - »  CgFj.C02H + CgFj.CgH^ ........ (167)
[cgF^CO.OCgHg. + CgF^COO. -- > CgF^.CO^H + CgF^.CO.OCgH^ .. (_168)
(C^ F + CUF — > Combination and Disproportionation
( ^ 5 6 6  6 5 6 6  - (169)
(C^ F oC^ H^ o + C^F COoOC^H^* >  Combination and Disproportionation
( ^ 5 6 6 6 5 6 6  Products (170)
C^F^.COO. + C^F^ > C^F^.CO.OC^F^    (1?1)
CUFL.COO" + (CfFLCOO)^  ^C.F^.CO.OC.Fc + CO^
6 5 6 5 2 6 5 6 5 2
+ C.FLCOO"    (172)
6 5
The pentafluorobenzoyloxy and pentafluorophenyl radicals which are 
formed from the initial homolysis of the peroxide, equations (l6l) and (l62), 
rapidly add to. benzene (solvent) molecules to form the corresponding penta­
fluorobenzoyloxy cyclohexadienyl and pentafluorophenylcyclohexadienyl radicals 
(a-complexes) (equations 163. and 164) =
These two a-complexes are considered to be the species which bring 
about the induced decomposition of the peroxide as indicated in chain 
propagation reactions (165) and (166),
The reactions which are postulated as being responsible for the 
termination of the radical chains are shown in equations (167), (168), (169)
and (170).
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Equations (169) and (170) are considered to be more important at
initial peroxide concentrations below 0,028 Molar, since in this concentration
range the yidd of high-boiling residue increases. At initial peroxide
concentrations greater than 0,028 Molar, equations (167) and (168) are more
important in the chain termination processes although equations (169) and
(170) still occur as is evidenced by the small but significant yield of
high-boiling residue formed at low [P] ,
137The application of Bodensteins' "steady-state” hypothesis to the
free-radical intermediates (described in Section D4) leads to two kinetic
rate expressions which describe the rate of the thermal decomposition of
perfluorobenzoyl peroxide in benzene above and below an initial peroxide
concentration around 0,028 Molar,
At [P]  ^< 0,028 Molar, the "steady-state” hypothesis leads to the rate
equation for 1,5-order induced kinetics:-
-d[P] = kTP] + k, r[P]1"5
“dt" ^
which is consistent with the experimentally determined rate law. The rate
-4
constant for the 1,5-order induced decomposition was large (k  ^= 5*74 x 10I o  J
mole”^°^ lito^”^  sec "*) compared to that determined for the benzoyl peroxide- 
benzene system by Gill and Williaras^  ^(i,e, k^   ^= 3,74 x 10  ^mole 
lito^°^ sec
At [P] > 0,028 Molar, the hypothesis leads to the rate equation
o
for first-order induced kinetics:-
-d[P] = k [P] + k ' [P]
dt
This rate expression has been shown to represent the thermal decomposition
of the peroxide at higher [P]^ , The value of (k^+k^*) for the first-order 
induced decomposition was equal 
very fast induced decomposition.
—4 — 1
to 1,103 x 10 sec which is indicative of a
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The rate constant, , which was obtained from Graph 4 by extrapolation 
of k^(observed; at [Pj^°^ = 0 (k^  = 1*52 x 10  ^sec was not in agreement 
with the value of k^  obtained using the free-radical scavenger DPPH 
(io0o k^(inhibited) = 0,69 x 10  ^sec ^), The discrepancy between these two 
values of k,, could well be indicative of a small first-order induced 
decomposition (k^  = O.83 x 10  ^sec "') which is occurring even at infinite 
dilution although doubts have been expressed as to the value of k^  measurements 
obtained using DPPH,"'^^ ’ If a small first-order induced decomposition does
exist at low [P]^ (i.e. below 0.028 Molar), then chain termination reactions 
(167) and (168) would be expected to occur along with reactions (169) and (17O).
In the following pages, the molar yield of each product is discussed
(with respect to both the function and the proposed mechanism.
An attempt has also been made to indicate which reactions are responsible 
for the formation of a particular product.
(a) Pentafluorobenzoic acijd
At initial peroxide concentrations below 0.028 Molar, the agreement 
between the molar yield of pentafluorobenzoic acid and (l-> ) is reasonably 
good. This indicates that the acid is formed mainly in the induced reactions 
(165) and (166)0 However at [P]^  > 0.028 Molar, the agreement between (l -j) and 
the molar yield of the acid is observed to deviate. Since in this region 
(1 -  I ) exceeds the molar yield of acid, this suggests that the calculated
J
values of may be subject to some error. The values of j- , both for 1.5-order 
decompositions
and first-order induced/depend on the value of k^, the rate constant for the 
primary unimolecular thermal dissociation of the peroxide. Since the value 
of k was obtained by extrapolation of Graph 4 for values of k^(observed) at 
low [P]^ ) this rate constant may be subject to error due to the experimental 
difficulties encountered in the analyses of very dilute peroxide solutions 
(see Section H2).
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The possible error in the measurement of using DPPH has already 
been discussed. Galvinoxyl, a more efficient radical scavenger was found 
to be ineffective for this reaction.
Pentafluorobenzoic acid is formed in very high yield as a product of 
the induced decomposition of the peroxide, equations (1 6 5 ) and (1 6 6 ), over the 
whole of the [P]^  range investigated.
Although equations (165) and (166) account for the majority of the 
molar yield of the acid, the change-over to first-order induced kinetics at 
[Pj^  > 0.028 Molar nevertheless indicates that at higher [P]^  different 
termination reactions must be taking place and termination by reactions such 
as (169) and (l?0) can only occur to a small extent since these would lead 
to 1.5-order induced kinetics.
At [P]^ > 0.028 Molar, there is a significant increase in the yield 
of pentafluorobenzoic acid which is paralleled by a decrease in the yield of 
high-boiling residue. At higher values of [P]^ , therefore, reactions such as
(167) and (168) are considered to be more important and lead to the observed 
first-order induced kinetics. Although the molar yield of 2 ,5?4 ,5 ?6-penta- 
fluorobiphenyl remains fairly constant, the observed increase in the yield of 
pentafluorobenzoic acid at higher [P]^  can, in part also be attributed to 
hydrogen-abstraction reactions which may occur between pentafluorobenzoyloxy 
radicals and such hydroaroraatic compounds as decafluorotetrahydroquaterphenyl 
which comprise part of the residue.
The first-order induced decomposition of perfluorobenzoyl peroxide in 
benzene requires a higher stationary concentration of pentafluorobenzoyloxy 
radicals so that the necessary dehydrogenation of a-complexes can occur.
At higher [P]^ , the stationary concentration of pentafluorobenzoyloxy radicals 
will be greater but the stabilisation of these radicals must also be considered 
since the powerful inductive effects (-1) of five fluorine atoms in each aryl 
nucleus should result in rapid decarboxylation to pentafluorophenyl radicals (XX)
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Pentafluorobenzoyloxy radical stabilisation can be achieved through 
the formation of electron-transfer complexes (tc-complexes) with the solvent 
(benzene)c The ”elcctron-rich” benzene is capable of donating electrons to 
the highly ’’electron-deficient" pentafluorophenyl nucleus and so is able to 
stabilise the pentafluorobenzoyloxy radical by the formation of a charge- 
transfer complex (XXI).
F
F
(leads to decarboxylation) 
(XX)
(leads to decarboxylation)
F
H H
O
/y
c
\
O '
(leads to radical stabilisation)
(XXI)
Higher stationary concentrations of pentafluorobenzoyloxy radicals 
at high [P]^ lead to the experimentally observed first-order induced kinetics 
by way of equations (l6?) and (l68).
Ultraviolet spectral evidence has been obtained in order to substantiate 
this theory but n.m.r. results have been disappointing. The existence 
of TC-complexes between "electron-rich" and "electron-deficient" aromatic 
species in the solid state, as indicated by such aids as phase diagrams, 
does not prove the existence of such species in solution. However, Wasylishen, 
Schaefer and Schwenk^^^ (1970) have recently provided conclusive evidence from 
n.m.ro studies that such species always exist in solution for polyfluoroarene- 
benzene type systems.
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( b ) 2,3,4 ,0,6- P e n t a f .1 UP r o b iphe ny 1
Tlie molar yield of this product is lower than the value of (1 --j* ) 
over the whole of the [Pj^  range studied. However, these two values are of the 
same order of magnitude at [PJ^  < 0.020 Molar. This could again be due to the 
experimental error involved in the determination of k^ . The values obtained 
for {^ -  j  ) and the molar yield of 2 ,3,4 ,3 ,6-pentafluorobiphenyl indicate 
that thio compound is formed chiefly in the chain propagation reaction (l65).
The molar yield decreases slightly towards higher [P]^  but this is to be 
expected for a product which is also formed in termination reactions. However, 
since this biaryl is very volatile, this observed decrease could well be 
due to a loss of product in the isolation procedure. Equation (167) is 
considered to be the important chain termination reaction resulting in the 
formation of 2,3,4,3 ,6-pentafluorobiphenyl. Since 2 ,3»4 ,3 ,6-penta,fluorodihydrobi- 
phenyl has also been postulated as being produced in this reaction, a 
disproportionation reaction such as equation (169) would lead to not only 
the pentafluorodihycrobiphenyl but also to 2,3j4 ,5 ,6-pentafluorobiphenyl.
Cy^.CgHg. + CgF^.CgHg >  CgFg.CgHg + CgF^.CgH^ . . . . . .  073)
An estimate of the yield of 2,3,4,3 ,6-pentafluorodihydrobiphenyl formed
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in this reaction was obtained using the method of Gill and Williams.
This product which is considered to be formed exclusively by disproportionation 
reactions such as (1?0) and (1?3) is under normal circumstances oxidised 
in the reaction "work-up" to 2,3,4 ,3 ,6-pentafluorobiphenyl.
CgF^.CgHg.+ GgF^.COOC^Hg. ---> G^F^.G^H^ + G^F^.GO.OG^H^ ... (174)
The contribution of reaction (173) to the reaction scheme was considered 
to be small since the yield of 2,3.4,3 ,6-pentafluorobiphenyl did not exceed 
that of pentafluorobenzoic acid at any value of [P]^ . The estimated yield
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of the dihydrobiaryl was found to decrease with increasing [P]^ . However 
accurate molar yields could not be obtained for this compound since it 
was estimated as the difference in biaryl yield from Procedure A and B,
(see Section Go), The decrease in the yield of 2 ,3,4 ,3 ,6-pentafluorodihydro- 
biuhenyl at higher [P]^  is consistent with its formation by the hydrogen- 
transfer disproportionation reactions between two a-complexes in chain 
termination reactions.
(d) Phenyl pentafluorobenzoate
The yield of phenyl pentafluorobenzoate formed in this reaction 
althougn low when compared to the yields of pentafluorobenzoic acid and 
pentafluorobiphenyl, was found to be high in comparison to other investigated 
diaroyl peroxide - arene systems. The molar yield tended to decrease towards 
higher [PJ^  but this ma.y be subject to some experimental error.
This compound is formed in an analogous way to 2,3»4 ,5 ,6-pentafluoro­
biphenyl after a pentafluorobenzoyloxy radical has attacked a benzene molecule 
and formed a cr-complex as shown in equation (164). The induced decomposition 
of the peroxide by this o-complex, as represented in equation (l66), leads to 
the formation of phenyl pentafluorobenzoate. This reaction is considered 
to bo the most important in the formation of this compound although termination 
and disproportionation reactions such as (l68) and (170) are also considered 
to occur. The higher molar yield of this ester compared to the lower molar 
yield of esters formed in analogous systems (e.g. benzoyl peroxide in benzene) 
can be explained if the stationary concentration of pentafluorobenzoyloxy- 
cyclohexadienyl (c^complexes) formed in the perfluorobenzoyl peroxide- 
benzene reaction is relatively higher. The stabilisation of pentafluoro­
benzoyloxy radicals by the formation of Tc-complexes with benzene solvent 
molecules would be expected to lead to a higher stationary concentration of 
the corresponding pentafluorobenzoyloxycyclohexadienyl radicals which are 
then able to cause induced decomposition of the peroxide by reaction (l66).
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( o) P e n t 1 uorophenyl pentafiuorobenzoate
A small but significant yield of this compound was found to occur over
the whole of the [P]^ range investigated. The molar yield remained fairly
constant throughout this range although the estimation of ester by gas
chromatography proved to be difficult. Pentafluorophenyl pentafluorobenzoate
is considered to be formed by reactions (1?1) and (172). The formation of
this product by cage recombination is considered to be unlikely since reactions
of this type have been shown to be unimportant for the thermal decomposition
79of diaroyl peroxides in aromatic solvents . The molar yield of a  product 
formed by such a route would be expected to be independent of the concentration 
of added inhibitors. Results obtained using varying concentrations of the 
radical inhibitor, hydroquinone, proved to be inconclusive.
The cage-recombination reaction (17&) is therefore thought to be unlikely 
since it could also lead to the formation of comparable yields of decafluoro- 
biphenyl which was only detected in trace quantities in the reaction.
(CgF^COO)^ --->  CgF^.COOCgF^ + CO^ ......... (175)
(C^F^COO)^   ^  CgF^ CgF^ + 200^ ......... (17&)
Although benzene molecules undoubtedly associate by %-complexing with 
the highly electropositive pentafluorophenyl nuclei of the peroxide; the two 
n-complexed benzene-pentafluorobenzoyloxy radicals are considered to drift 
apart and escape from the solvent cage before further reaction (i.e. 
decarboxylation or aroyloxylation of a benzene molecule) takes place. A rapid 
reaction between benzene associated pentafluorobenzoyloxy and pentafluorophenyl 
radicals resulting in the formation of pentafluorophenyl pentafluorobenzoate 
is feasible. Although the stationary concentration of pentafluorobenzoyloxy 
radicals has been postulated to be fairly high over the whole [P]^  range 
investigated , the stationary concentration of pentafluorophenyl radicals is
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considered tc be low. A high stationary concentration of these radicals in 
solution would lead to their participation in hydrogen-abstraction reactions 
and pentafluorobenzene was not detected as a reaction product. Therefore since 
stable Ti-complexed pentafluorobenzoyloxy radicals are considered to be present 
in this system in fairly high stationary concentrations, the induced decomposition 
of the peroxide by the attack of this stabilised entity (equation 1?2) is 
considered to be the predominant reaction which brings about the formation of 
pentafluorophenyl pentafluorobenzoate.
Since reaction (171) occurred only to a minor extent it would not 
be expected to influence the observed kinetics.
(f) High-boiling residue
A small quantity ( 0,20-0.24 mole/mole of peroxide) of a high-boiling 
residue was formed in the reaction and the yield was observed to decrease 
slightly with increasing [P]^ . This residue was considered to be formed as a 
result of chain termination reactions (169) and (17O) which involve the 
combination of two c-complexes. This combination reaction was expected to be 
less significant at higher [P]^ , since a higher proportion of cr-coraplexes are 
inducing the peroxide to decompose than at lower [P]^ .
The chief constituents of the residue were thought to be the isomeric 
decafluorotetrahydroquaterphenyls formed as a result of the combination of 
two pentafluorophenylcyclohexadienyl radicals:-
[symbolised also by equation (l69)3 .......... (177)
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The residue had a melting range from 135“140° and the molecular 
weight of a chromatographically separated crystalline portion was in the 
region of 500 (Mechrolab Vapour Pressure Osmometer) which was in reasonably 
good agreement with the formula ^24^10^12 and structure indicated in equation (1?7)
However, the infrared spectra of the residue portions bear striking 
similarities to those of p,p'- and o,p'-quaterphenyls and the p,p'- and 
o,p'-perfluoroquaterphenyls (supplied by RoA.Eo, Farnborough), On the basis 
of this information it seems likely that the easily oxidised tetrahydroquater- 
phenyl derivatives are oxidised in the reaction "work-up" to the corresponding 
decafluoroquaterphenyls. The infrared spectra also showed the presence of a 
medium strength carbonyl absorption which was indicative of ester groupings present 
in the residue. Since a G% discrepancy occurred in the C, H and F 
microanalyses, then the presence of oxygen-containing compounds appears 
likely. Such compounds could be formed as the result of the combination of 
pentafluorophenylcyclohexadienyl. and pentafluorobenzoyloxycyclohexadienyl 
radicals:-
CgF^ .CgHg. + CgFj.CO.OCgHg. — >  CgF^ .CgHg.CgHgO.CO.CgF^
[symbolised also by equation (170)] ........... (178)
Recent work by De Tar, Long, Rendleman, Bradley and Duncan^( 19&7) 
has shown that for the thermal decomposition of benzoyl peroxide in benzene, 
some portions of the high-boiling residue contain benzoyloxy groups. The 
benzoyloxylated residues arise from the addition of benzoyloxy and phenyl 
radicals to the olefinic double bonds of isomeric tetrahydroquaterphenyls.
The resulting alkyl radicals then abstract hydrogen atoms from allylic hydrogen 
sites or combine or disproportionate. The above workers estimated that these 
benzoyloxylated residues contained an average of 1.8 benzoyloxy groups per 
molecule.
By analogy with the benzoyl peroxide-benzene reaction, the thermal 
decomposition of perfluorobenzoyl peroxide in benzene most probably forms
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similar compounds through the pentafluorobenzoyloxylation and pentafluoro- 
phenylation of isomeric decafluorotetrahydroquaterphenyls.
Pentafluorophenylation of the reaction products was also considered 
to be a possible process which would lead to the formation of terphenyls 
in the high-boiling residue; e.g.
[CgFg.CgHg.CgFg].
‘ - [H3
».l/
C^Fp o CgHj^  o oooeoooo (179)
However, highly sensitive gas chromatographic analyses of the reaction 
residues indicated that such reactions as (179) were of little or no importance 
in the thermal decomposition of perfluorobenzoyl peroxide in benzene.
2. Correlation Between the Kinetics and Products
The detailed study of the kinetics of the thermal decomposition of 
perfluorobenzoyl peroxide in benzene at 78.2^ has shown that the majority 
of the peroxide (about 86 )^ decomposes by a first-order induced mechanism
at [P] > 0.028 Mdar.o
At [P]^  < 0.028 Molar, the induced decomposition is still considered 
to be largely responsible for the disappearance of the peroxide. Since a high 
stationary concentration of 0-complexes is present at all values of [P]^  
then these species are considered to be the most likely radicals to bring 
about the induced decomposition of the peroxide.
The induced decomposition occurs very rapidly as is evidenced by the 
high values for both k^   ^and k^' (the rate constants for the 1.5-order and first 
order induced decompositions). This rapid attack of the respective o-complexes 
on the molecules of the peroxide indicates that they are highly electrophilic 
species. The a-coraplexes most probably attack the carbonyl-oxygen atoms of 
the peroxide molecule which are slightly electropositive due to the powerful 
inductive effects (-1) of the two pentafluorophenyl groups.
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The two main products of the induced decomposition are pentafluoro­
benzoic acid and 2,3i4 ,5 ,6-pentafluorobiphenyl„ These two products are 
cIso considered to be formed to a lesser extent in the termination reactions
at [P] > 0.028 Molar.c
At [P]^ < 0.028 Molar, the agreement between the molar yield of 
pentafluorobenzoic acid and (1 - / ) is good but slight deviations may be 
observed at [P]^  > 0.028 Molar. This is most likely due to the reasons 
already expressed.
Since pentafluorobenzoic acid is both a product of chain propagation 
reactions (165) and (166) and also of chain termination reactions (167) and
(168), it is therefore not possible to unequivocally calculate the function g 
from the product yields at [P]  ^> 0.028 Molar so that an indication may be 
given of the total molar yields of products which are formed as a result 
of the termination reactions.
At [P] > 0.028 Molar, the kinetics of the reaction show that a fractiono
0.138 of the peroxide decomposes by the unimolecular thermal dissociation and 
therefore O.138 mol/mole peroxide of product is expected to be produced in the 
chain termination reactions by the combination of radicals or 0.276 mole/mole 
peroxide of product is expected if chain termination occurs by radical 
disproportionation.
Below 0.028 Molar, where 1.5-order induced kinetics are observed, the 
yield of pentafluorobenzoic acid is formed chiefly in the induced decomposition, 
reactions (165) and (166), and not in termination reactions. In this [P]^  
region, the molar yield of pentafluorobenzoic acid agrees very well with 
(1 -f ), up to [Pj^ - 0.020 Molar. Other reactions involving the induced 
decomposition of the peroxide are considered to be unimportant; e.g.
C.FL. + (C.FLCOO)^ — > C.F^.C.F- + C0_ + C.F_.COO. ....... (180)
6 5 D 5 2 09 by cL 05
although, as already stated, equation (172) is believed to be significant.
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C^ F^ rOO. + (C^F C^OO)^  --> C^F^.COOC^F^ + CO^  + C^ F^ .COO. ..... (1?2)
Equation (l80) could only have occurred to a very minor extent since
decafluc^obrphenyl was detected as a trace product of the reaction. However
reaction (172) is postulated as occurring in this system since small yields
of pentafluorophenyl pentafluorobenzoate are formed. Both pentafluorobenzoic
acid and 2,3j4 ,5,6“pentafluorobiphenyl are formed in the induced decomposition
below [P]^  = 0.020 Molar and the quantity (b-a) (see Table I9) represents the
amount of 2,3, 5,6-pentafluo robiphenyl which is formed in the chain termination
reactions. Since (b-a) approximates to zero in this region this indicates
that the majority of the biaryl is formed in the induced decomposition so that
formation of high-boiling residue through the dimérisation of o-coraplexes is the
main termination reaction for [P] < 0.028 Molar.o
In the evaluation of the function g the following factors were taken 
into account. Since reaction products pentafluorobenzoic acid and 2,3,4,3 ,6- 
pentafluorobiphenyl, 2,3>4,3 ,6,-pentafluorodihydrobiphenyl, phenyl pentafluoro­
benzoate contain one pentafluorophenyl nucleus derived from the peroxide, their 
molar yields must bo halved when comparing them with the function j- since 
the fraction of the peroxide which initially decomposes by the unimolecular 
fission produces 2 j radicals.
Pentafluorophenyl pentafluorobenzoate and the postulated residue, 
however, contain two pentafluorophenyl nuclei. From Table 19, j- and g are seen to
be in excellent agreement from 0.003 to 0.020 Molar (the region of 1.3-order 
induced kinetics), indicating that the proposed mechanism correlates well with 
the experimentally determined product distributions.
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3= The Effect of Oxygen, Ferric Benzoate and Nitrobenzene on the 
Perfluorobenzoyl Peroxide - Benzene Reaction.
The effect of these three additives on the perfluorobenzoyl peroxide- 
benzene reaction, as reported by Oldham and Williams^, have been previously 
outlined in the introduction to this work. Although in the analogous benzoyl 
peroxide-benzene reaction, these compounds have been observed to have a 
profound effect on the biaryl and acid yields, no such effect was observed 
for the perfluorobenzoyl peroxide-benzene system. Tentative explanations of 
these phenomena are now given,
(a) Oxygen
Morrison, Gazes, Samkoff and Howe^^, (19&2) have reported that the 
yield of biphenyl produced in the benzoyl peroxide-benzene reaction conducted 
in the presence of oxygen is found to increase and they have proposed the 
following mechanism;
(PhCOO)^ ---- > 2 PhCOO"  Ph= + 00  ^ ........ (l8l)
Ph. + PhH ---- > [PhPhH]o ........ (l82)
[PhPhH]. + 0^  ----> Ph.Ph ......... (183)
2[Ph.PhH]'  -> [Ph.PhH]   (l84)
2[Ph.PhH]“ — -- ^ Ph.PhHg + Ph.Ph ......... (185)
Ph.PhH^ + 0  ^ ---- > Ph.Ph ........ (186)
Oxygen is seen to increase the rates of equations (183) and (186) at the 
expense of equations (l84) and (185) so that a greater proportion of benzoyloxy 
radicals are available for phénylation reactions.
In the perfluorobenzoyl peroxide-benzene reaction the a-complex 
(pentafluorophenylcyclohexadienyl radical) is a highly electrophilic species 
which, as deduced from the experimentally observed kinetics, is involved in a 
very rapid induced decomposition of the peroxide molecule. This attack of the
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o-complex on the peroxide molecule occurs so rapidly that oxidation to
2 ,3,4 ,3 ,6-pentafluorobiphenyl by molecular oxygen is insignificant. Therefore, 
the analogous reaction to (183) cannot occur to any significant extent 
although the analogous reaction to equation (186) might occur. Since the 
molar yields of 2 , 4,5 ,6-pentafiuorodihydrobiphenyl formed in the perfluoro­
benzoyl peroxide-benzene reaction are considered to be very small (0.02 -
0.05 mole/mole of peroxide), the observed effect might easily be masked by the 
experimental error involved in the estimation of 2,3,4 ,5,6-pentafluorobiphenyl.
(b) Ferric benzoate
Dailly and Williams'^ "* (1968) have reported that the yield of both 
benzoic acid and biphenyl from the thermal decomposition of benzoyl peroxide 
in benzene in the presence of catalytic amounts of ferric benzoate is almost 
quantitative. They have proposed the following mechanism to account 
for the effect.
(PhCOO)^--------- --> 2 PhCOO ........ (187)
PhCOOc --> Ph + COg ........ (188)
Ph" + PhH' --> [PhPhH]» ........ (189)
[PhPhli]» + Fe^ -— > Ph.Ph + + Fe^^ ____.... (190)
PhCOOc + Fe^*  > Ph.coo” + F e ^  . . . . . . . .  ( I 9 l )
Ph.coo” + ’ PhoCO^H ........ (192)
The perfluorobenzoyl peroxide-benzene reaction shows no such effect 
and this may be expected for a similar reason to that given in (a).
Since the crucia]. stage of the above reaction (19O) involves the oxidation 
of the phenylcyclohexadienyl radical by ferric ion, then the analogous 
pentafluorocyclohexadienyl radical (o-complex) formed in the perfluorobenzoyl 
peroxide-benzene system will not take part in such a step since its highly 
electrophilic nature will once again enable it to be involved in a rapid attack 
on a peroxide molecule leading to an induced decomposition.
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(c) Nitro-compounds
Hey, Perkins and Williams (19^3) have reported that small quantities of 
aromatic nitro compounds have led to an increase in the yield of benzoic acid 
and biphenyl when added to solutions of benzoyl peroxide in benzene. Chalfont, 
Hey, Liang and Perkins (H971) have recently proposed the following mechanism 
for this reaction:
Ph.MOg Ph. NO ........ (193)
Ph. + Ph.NO  > PhgNO. ........ (194)
[Ph.PhH]. + PhgNO- ---- > Ph.Ph + Ph^NOH ........ (195)
PhgMOH + (PhCOO)^  > PhgNQ. + Ph.COO" + Ph.GOOH ... (196)
The reaction of diphenyl nitroxide molecules with phenylcyclohexadienyl 
radicals forms the basis of the observed "nitro-effect". In a similar manner 
to that already described for the effect of oxygen and ferric benzoate on the 
perfluorobenzoyl peroxide - benzene reaction; the pentafluorophenylcyclohexadienyl 
radical is involved in a very rapid attack on the peroxide molecule (induced 
decomposition) which makes a reaction such as (195) unimportant.
Finally, it must also be mentioned that as the rate of the induced 
decomposition of the peroxide is fast at all values of [P]^  and that pentafluoro- 
benzoic acid and 2 ,3,4,3 ,6-pentafluorobiphenyl are produced in large quantities 
by this reaction then the increase in yield of these two compounds by the 
presence of any oxidising agent would be very small.
4. The Nature of the Peroxide Decomposition Mechanism
(a) Unimolecular Primary Dissociation
The presence of electron-withdrawing substituents in the aromatic nuclei 
of diaroyl peroxides result in the lowering of the dipole interaction across the 
peroxy bond. This in turn leads to a reduction in the rate of the unimolecular 
thermal decomposition of the peroxide. The presence of the two pentafluorophenyl 
groups in perfluorobenzoyl peroxide would therefore be expected to lead to a
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first-order rate constant of small magnitude. This observation has not 
been completely confirmed since the exact magnitude of is not known due to 
experimental difficulties. A value of k^  = O.69 x 10~^  sec”"' was obtained
in the presence of the free-radical scavenger DPPH while a value of
-5 “1 0 5= 1.52 X 10 sec was obtained by extrapolation of [P]^ = 0 on the
graph of k^(observed) against [P]^°^ (Graph 4).
It is feasible that the association (m-complexing) of benzene molecules
with the pentafluorophenyl groups of the peroxide could lead to the enhancement
of a dipole interaction across the peroxy bond through the donation of electrons
(XXI). This would lead to a k^  value which would be higher than that normally
expected for a diaroyl peroxide containing higjhly electronegative (electron-
withdrawing) substituents in the aromatic nuclei. Although the value of 
-5 -1k^  = 1,52 X 10 sec is only slightly smaller than that obtained by Gill and
7 O
Williams for the k^  of the benzoyl peroxide-benzene reaction (i.e.
1.67 X 10  ^sec "'), such a value can be explained by the above postulate.
(b) The Induced decomposition
Benzoyl peroxide possesses a strong tendency to be an acceptor component in 
electron transfer processes through the aid of its carbonyl groups. The 
presence of five strongly electron withdrawing fluorine atoms in each of the 
aromatic nuclei of perfluorobenzoyl peroxide will therefore be expected to 
make this particular peroxide highly susceptible to induced decomposition
(XXII) since the carbonyl oxygen atoms will be slightly electropoative. A 
very fast rate of induced decomposition has been observed in this work.
The presence of n-complexed benzene molecules will not alter the overall 
effect (-1) transmitted to the carbonyl oxygens by the pentafluorophenyl 
groups due to the close proximity of the five fluorine atoms to the carbonyl 
group.
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SECTION No The Mechanism of the Thermal Decomposition of Perfluorobenzoyl 
Peroxide in Chlorobenzene, Bromobenzene and Fluorobenzene 
The mechanisms of the thermal decomposition of perfluorobenzoyl peroxide 
in chlorobenzene, bromobenzene and fluorobenzene are discussed together in 
this section since all three systems gave similar reaction products although 
fluorobenzene showed slightly different behaviour. The overall kinetic 
rate laws and the rate constants for the total rate of decomposition of 
perfluorobenzoyl peroxide in these three solvents at 78.2° were determined. 
Howvever calculations of the function ^  were not possible since reliable data 
for the values of were not obtained. Extensive quantitiative analyses of 
the reaction products formed in each system were not carried out. The individual 
reaction products were however identified and the yields of the products 
formed at different values of [P]^  for each system were compared by gas 
chromato graphy.
1o Chlorobenzene and Bromobenzene _
The major products formed in these reactions were pentafluorobenzoic 
acid and phenyl pentafluorobenzoate. These two products were always 
accompanied by small amounts of 2,3»^i5>6-pentafluorobiphenyl together with 
equally small quantities of the corresponding isomeric halogeno pentafluoro- 
biphenyls and the halogenophenyl pentafluorobenzoates. In each reaction a 
quantity of a high-boiling residue was formed.
These results confirmed the earlier work of Oldham and Williams^ (1970) 
although these workers did not report the presence of 2 ,3,4 ,3 ,6-pentafluoro- 
biphenyl, chloro- and bromo-phenyl pentafluorobenzoates. The major products formed 
in these reactions can only be explained if stabilisation of the pentafluoro- 
benzoyloxy radicals is achieved since this leads to less frequent decarboxylation 
to pentafluorophenyl radicals. Stabilisation of pentafluorobenzoyloxy radicals 
by n-complexing with solvent molecules in the perfluorobenzoyl peroxide-benzene 
system has been previously postulated as being responsible in part for the 
production of the higher stationary concentrations of the radicals ‘
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required for the chain termination reactions. This form of stabilisation is 
considered unlikely with halogenobenzenes since the halogen atoms render the 
aromatic nucleus electron-deficient, thus discouraging the formation of 
71-complexes between pentafluorobenzoyloxy radicals and solvent molecules.
The earlier explanation of Oldham and Williams for the stabilisation 
of the pentafluorobenzoyloxy radical in the halogenobenzenes by the formation 
of a a-bond on the nucleus in a reversible manner appears to be valid.
C^F^.COO + C^H^X   (197)
(XXIII)
H
The loss of Xy (X = 01, Br) to give phenyl pentafluorobenzoate can occur 
through a halogen transfer reaction with the peroxide.
(XXIII) + (G.F^GOO)^ >G,ILGO.OG.Hr + G.FLGOQ. + C,FLGO.OX .... (1$8)b 3 % b 3 b 3 b 3 b 3
The pentafluorobenzoyl hypohalite may only occur as^transient intermediate 
which reacts rapidly with the hydro aromatic products present to form penta­
fluorobenzoic acid and hydrogen halide. The direct reaction of (XXIIl) with 
hydroaroraatic products (HY) formed in this reaction must also be considered 
since this leads to compounds of the following structure (XXIVA) and (XXIVB) 
which would be expected to dehydrohalogenate to give phenyl pentafluorobenzoate.
(XXIII) H + Y.
14
(XXIVA)
(XXIVB)
H 14
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The pentafluorobenzoyloxy radical attacks predominantly at the
1-position in the halogenobenzene although attack at two other positions 
(either 2- or 5~) occurs to a small extent since halophenyl pentafluorobenzoates 
were detected as reaction products. Oldham and Williams have proposed that 
the attack of the pentafluorobenzoyloxy radical on the 1-position is due to 
the highly electrophilic nature of this radical which causes it to associate 
with the halogen atom itself producing a reversible charge-transfer complex
(XXV).
CgFg.COO' + :X— •» CgF^.COO ..... (199)
(XXV)
Due to the proximity of the 1-position this complex (XXV) is easily
converted into (XXIIl). A similar explanation has been proposed by Gill and 
57Williams in order to explain the stabilisation of benzoyloxy radicals in the 
benzoyl peroxide-bromobenzene reaction.
The following mechanism is proposed for the thermal decomposition of 
perfluorobenzoyl peroxide in chloro- and bromo-benzenes at 7 8 .2 C. This 
mechanism is consistent with the observed kinetics for this thermal decomposition. 
The proposed reaction scheme is as follows where intermediates (XXIII) and
(XXV) are represented as (XXV).
  (200)(CgF^COO)^ "  > 2 CgFjCOO-
CgFgCOO  > CgF^ > + COg ........ (201)
(XXV) ........ (202)CgF^.C00‘ + CgH^X
(XXV)  > C^F^COO ........ (203)
H H 
a-complex
(XXVI)
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C.FL" + C.HrX -> CUFr.C.HrX. ......  (204)6 5  6 5  6 5 6 5
(XXVII)
a-complex
(XXVI) + (C^F^COO)^ --> C^F^CO.OC^H^ + C^F^CO^H*
+ C.FrCOO.   (205)
6 5
(XXVI) + (C^F^COO)^ --> C^F^CO.OC^H^X + C^F^CO^H
+ C.FICOO"   (206)
6 5
(XXVII) + C^F^COO)^ --> C^F^.C^H^X + C^F^CO^H
+ CfFrCOO'   (207)
6 5
(XXVII) + (C^F^COO)^ C^F^.C^H^ + C^F^CO^H*
+ C.FICOO'   (208)6 5
(XXVI) + C^F^COO"  > G^F^.CO^H* + C^F^COOC^H^ ......  (209)
(XXVII) + CgF^COO* --- ^ CgF^.CO^H + C^F^.C^H^X
(or CgF^.C^H^)   (210)
207.
XXVI + YH
C^F^.COO
Y* +
C.F-COOb 5
/ + Y.
h "h
-HX
CXFrCOO.C.Hc6 5 6 5
(2 11)
XXVII + YH
V
Y- +
/ + Y-
-HX
X ' H
(YH - any hydroaromatic species present in the solution).
(212)
(XXVI) + (XXVI) --- >  Dimérisation and Disproportionation
Products
(XXVII) + (XXVII)
(XXVI) + (XXVII)
Dimérisation and Disproportionation 
Products
Dimérisation and Disproportionation 
Products
(215)
(214)
(215)
N.B. [CgF^COOH - denotes pentafluorobenzoic acid which was probably
formed as a hypohalite intermediate initially which has undergone 
reaction with hydroaromatic species in the system],
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The pentafluorobenzcylüxy and pentafluorophenyl radicals which are 
produced as a result of the initial homolysis of the peroxide, equations 
(200) and (201), rapidly associate with the halogen atom of the halogeno­
benzene and form the corresponding o-complexes, designated (XXVI) and (XXVII) 
in equations (2O5) and (204). These e-complexes are considered to be the 
species which are responsible for bringing about the subsequent induced 
decomposition of the peroxide, equations (205), (206), (207) and (208).
Reactions which are suggested as being responsible for the termination of the 
radical chains are shown in equations (209), (210), (213) (2l4) and (215)°
The induced decomposition of the peroxide occurs mainly by reaction 
(205)» This reaction is believed to involve* a pentafluorobenzoyl hypohalite 
intermediate, which reacts rapidly with hydroaromatic residues in order to 
form pentafluorobenzoic acid and a hydrogen halide. Equations (206), (207) 
and (208) are of only very minor significance in the induced decomposition 
since only trace quantities of biaryls and halogenophenyl pentafluorobenzoate 
esters are detected. The very small yields of biaryls formed in these reactions 
suggest that the decarboxylation of pentafluorobenzoyloxy radicals is not an 
important feature of the reaction sequence. The slow homolysis of the peroxide 
is therefore followed by a rapid association of the pentafluorobenzoyloxy 
radicals with the halogen atoms of the solvent and this appears to be the 
rate-determining stage of the total reaction. Equation (209) is an important 
radical chain termination reaction, leading to the formation of pentafluoro­
benzoic acid and phenyl pentafluorobenzoate via a pentafluorobenzoyloxy 
hypohalite intermediate. Equation (210) is of only minor importance. There 
is evidence for reactions such as those represented by equations (213) and 
(2l4) since a small yield of a high-boiling residue is formed in each reaction 
The relative importance of equations (213) and (2l4) is not certain, although 
(214) is probably unimportant since the stationary concentration of o-complex
(XXVII) has been shown to be very low.
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The reaction of a-complex (XXVI) with the hydroaromatic species 
present in the system, equation (211), probably contributes more to the 
overall reaction pattern than was first envisaged and may be responsible 
for a large portion of the total phenyl pentafluorobenzoate yield. Equation
(212) does not appear to be so important since the yield of 2 ,3,4,5 ,6,-penta­
fluoro biphenyl in the reaction is very low. The radical i^ecies Y» are 
envisaged as either undergoing dimérisation or reaction with pentafluoro­
benzoyloxy radicals to form esters. However, the possibility of their 
participation in an induced decomposition of the peroxide must not be excluded.
The application of the "steady-state” hypothesis to the free-radical 
intermediates formed in these reactions leads to a kinetic rate expression 
indicating a first-order decomposition:-
-d[P] = k [P] + k ' [P] 
dt
and this rate law was observed for the thermal decomposition of perfluoro­
benzoyl peroxide in both chlorobenzene and bromobenzene over the whole [P]^  
range for which the experiments were carried out. Therefore termination of 
chains by reactions such as (213) and (2l4) can only occur to a very small 
extent since these would give rise to 1.3-order induced kinetics. Although 
an accurate value for the first-order rate constant k^  for the primary 
unimolecular thermal dissociation could not be obtained, a value of 
(k^  + k^') was found to equal;-
(k + k^')= (3.55 - 0.07) X 10 sec for the thermal decomposition00 u u/; lO  ^ ^
in chlorobenzene and
(k + k^') = (3.94 - O 0O5 ) X 10 ^ sec  ^for the thermal decomposition
in bromobenzene.
The products formed in these reactions are in marked contrast to those 
formed in the therml decomposition of perfluorobenzoyl peroxide in benzene.
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The values of (k^  + k^  ' ) for the total rate of decomposition of the peroxide 
in these solvents is approximately one-third of the value observed for the 
perfluorobenzoyl peroxide-benzene reaction. This is indicative of the greater 
stability conferred on the pentafluorobenzoyloxy radicals through association 
with the halogen atoms of the halogenobenzene solvent.
The high yields of pentafluorobenzoic acid and phenyl pentafluorobenzoate 
through chain termination reaction (209) is consistent with the observed first- 
order induced kinetics.
In the following paragraphs the significance and method of formation of 
each reaction product is discussed.
(a) Pentafluorobenzoic acid
This compound is considered to be formed as a result of both the induced 
decomposition of the peroxide, equations (203), (206), (20?) and (208) and also 
of the chain termination reactions (209) and (210). Removal of a‘i halogen 
atom from the o-complex (XXVI) is postulated as occurring through the aid of 
a pentafluorobenzoyloxy radical which results in the formation of a transient 
pentafluorobenzoyloxy hypohalite intermediate. This is e3q)ected to react with 
hydroaromatic compounds present in the solution to form pentafluorobenzoic acid 
and a hydrogen halide.
(XXVI) + CgF^COOo ---^  [CgF^.COOX] + C^F^COOC^H^ ........ (2l6)
[C.FLCO.OX] + 2 YH --- > CUFLCO^H + H X ........ (21?)
6 3 6 3 2
Hydrogen halides are well established products of these reactions. Since 
neither chloropentafluorobenzene nor bromopentafluorobenzene were detected as 
reaction products, the pentafluorophenyl radical played no part in the restoration 
of aromaticity to (XXVI) through the removal of a halogen atom.
Finally, the formation of pentafluorobenzoic acid by the reaction of 
pentafluorobenzoyloxy radicals with hydroaromatic compounds must also be considered 
as a feasible reaction.
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Ib) Phenyl pentafluorobenzoa t^
o
This ester was formed in a very high yield at all values of [P]^  
investigated* It is formed in both the induced decomposition (205) and also 
in the chain termination reaction (209).
The participation of the reaction scheme outlined in equation (211) 
is believed to contribute significantly to the overall yield of this ester.
It is also feasible that it could arise through the disproportionation reaction
(213).
(XXVI) + (XXVI)  ^C.F^.COOC.H6 5 6 5
+ C.F_.COO 
6 5
+ HX ......... (218)
However, since only trace quantities of halogenophenyl pentafluoro­
benzoate are detectable in these systems reactions such as (2l8) can only occur
to a very minor extent.
( c) Halogenopentafluorobiphenyls and halogenophenyl pentafluorobenzoates
These compounds comprise only a very small part of the total reaction 
products and it is conceivable that they are formed in both the induced 
decomposition of the peroxide, equations (206) and (20?) and also in chain 
termination reactions such as (210) and (2l8).
(d) High-boiling residue
The thermal decomposition of perfluorobenzoyl peroxide in chlorobenzene 
and bromobenzene is accompanied by the formation of moderate yields of a tarry 
residue. It is assumed to consist mainly of the dimérisation products of 
(XXVI) and (XXVII).
212.
2. Correlation between Kinetics and Products
Gas chromatographic analysis of the reaction products formed in 
these reactions at different values of [Pj^  showed that the yields remained 
fciirly constant. This was consistent with the observed first-order kinetics 
which are considered to occur as a result of the chain termination reaction 
between (XXVI) and a pentafluorobenzoyloxy radical, equation (209).
Since values of the first-order rate constant could not be determined, 
values of the function j  could not be evaluated. However, an estimated value 
of ^  based oA the k^  values obtained for the perfluorobenzoyl peroxide-benzene 
system suggest that ,;■ lies between 0.20-0 .40 for both the reaction in 
chlorobenzene and bromobenzene.
This indicates that a larger amount of the peroxide is decomposing by 
the unimolecular thermal dissociation than in the analogous reaction in benzene.
As a result the fraction of the peroxide decomposing by the induced mechanism 
is smaller. The kinetics indicate that the rate of the first-order induced 
decomposition in both halogenated solvents is about one-third of that for the
decomposition of this peroxide in benzene. This is attributed to the large amount
of stabilisation accorded to the pentafluorobenzoyloxy radicals through 
association with the solvent molecules via the halogen atom.
The rate of the first-order induced decomposition is observed to be
-5 - 1
slightly faster in bromobenzene than in chlorobenzene ( ul 0.5 x 10 sec ).
This is probably due to the greater ease with which bromine is eliminated from
(XXVI) in the induced decomposition, equation (209), thus leading to a higher
stationary concentration of pentafluorobenzoyloxy radicals in the solution at
all concentrations.
Bromine is expected to be more easily removed than chlorine from a
a-complex of type (XXVI) since the (C-Br) bond energy (68 k.cal/mole) is lower
8o
than that for the (C-Gl) bond (8l k.cal/mole)
213.
One interesting feature of these reactions is that the yields 
of acid and ester are somewhat greater in bromobenzene thsin chlorobenzene.
There is a slight increase in the yield of residue formed in the perfluorobenzoyl 
peroxide-chlorobenzene reaction. This may well reflect the more facile 
removal of a bromine atom by a pentafluorobenzoyloxy radical leading to an 
increase in the yields of acid and ester. Since the removal of a chlorine 
atom from (XXVI) by a pentafluorobenzoyloxy radical would be expected to be 
less favourable from energetic considerations, this would be expected to lead 
to less frequent dechlorination resulting in lower yields of acid and ester 
and increasing yields of high-boiling residue.
3» Fluorobenzene
The thermal decomposition of perfluorobenzoyl peroxide in fluorobenzene a 
at ?8.2°C was investigated so that a comparison could be made between this 
reaction and the analogous reaction^in chlorobenzene and bromobenzene.
The products ider^fied were pentafluorobenzoic acid, phenyl
pentafluorobenzoate, 2,3i4 ,5 ,6-pentafluorobiphenyl and a high-boiling residue. 
Although the first three products were the major reaction products, the
yield of pentafluorobenzoic acid was smaller and that of the residue was
higher than in cases of the chlorobenzene and bromobenzene.
High sensitivity gas chromatography indicated that hexafluorobenzene,
isomeric hexafluorobiphenyls and the isomeric fluorophenyl pentafluorobenzoates
were not formed as products in this reaction. Preliminary kinetic investigations
showed that the rate of disappearance of the peroxide in fluorobenzene followed
a first-order rate la.w of the form:-
-dCP] = k [P] + k '[P] 
dt
-5 -1
with a mean value for (k^  + k^’) = 7'«70 x 10 sec
The ratios of the products formed in this reaction were different 
from those in the other halogenobenzenes and also the rate of decomposition 
was twice as fast; therefore, the mechanism of the thermal decomposition
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must be different. Association of the initially formed pentafluorobenzoyloxy 
radical with the halogen atom of the substrate C^H^X (X = Cl or Br), leading 
to the a-complex (XXVI), has been postulated as being responsible for the 
stabilisation of this radical in these solvents. Rearrangement of this 
charge-transfer complex leads to the location of the pentafluorobenzoyloxy 
group at the 1-position on halogenobenzene molecule. In fluorobenzene, 
the initially formed pentafluorobenzoyloxy radical is not expected to form 
a charge transfer due to the high electronegativity of this atom.
CgF^CO.O* + :F C.FrCO.O6 5 (219)
The formation of a phenylfluoronium cation is not energetically
favourable. For the halogenobenzene series the ease of formation of a
charge-transfer complex such as (XXVI) is postulated as PhBr > PhCl,
The'inductive effect (-1) of the fluorine atom in the fluorobenzene
molecule withdraws some of the electron charge from the aromatic ring towards
the 1-position so that it becomes a point of high electron density. The
highly electrophilic pentafluorophenyl or pentafluorobenzoyloxy radical would
therefore be expected to attack the substrate molecule at the 1-position 
leading to a a-complex, similar in structure to that already postulated
for the chlorobenzene and bromobenzene reactions.
C^F^.COO. + F-f-1
C,F^ COO. 6 5
(220)
(XXVIII)
or
6^5 • +
(XXIX)
(221)
Since stabilisation of pentafluorobenzoyloxy radicals by charge-
transfer complex formation as (XXVI) is unlikely in this reaction, a much
greater proportion of pentafluorobenzoyloxy radicals will be expected to
decarboxylate leading to the formation of a higher number of 
pentafluorophenyl radicals than in other
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halogenobenzene solvents. This is verified by the fact that the yield of 
2i3î^i5')6-pentafluorobiphenyl in this reaction is comparable to that of 
phenyl pentafluorobenzoate.
The interconversion of a charge-transfer complex such as (XXV) to
(XXVI), as in the chlorobenzene and bromobenzene systems, is expected to be 
moderately slow thus leading to a low stationary concentration of (XXVI) 
in solution and to a substantially reduced rate of induced peroxide 
decomposition by these species. Since (XXVIII) and (XXIX) are formed 
fairly rapidly from the initial homolysis of the peroxide a high stationary 
concentration of these two species is expected leading to an enhanced rate 
for the induced decomposition. However, the rate of the induced decomposition 
will not be as fast as in the perfluorobenzoyl peroxide-benzene reaction since 
a defluorination of (XXVIII) and^XXIX) is less favourable than the 
dehydrogenation of a pentafluorophenylcyclohexadienyl radical-
The postulated higher stationary concentration of (XXVIII) and 
(XXIX) in the fluorobenzene system will result infrequent dimérisation and 
disproportionation reactions between these species. This accounts for the 
higher yield of the high-boiling residue formed in this reaction as compared 
to that formed in the corresponding reactions in chlorobenzene and 
bromobenzene.
The following mechanism is proposed for the thermal decomposition 
of perfluorobenzoyl peroxide in fluorobenzene.
(CgF^COO)^ 2 CgF^COO- ..... (222)
CgF^.COO — >  CgFg + COg ..... (223)
C.fLCOO. + C.HLF — »  CgF COO \ (224)
D 5 b 5 A  * * ?
f  ^ - ^ (  XXVIII)
CgF
C,F^. + C Æ F  -- > ^  \/. " A  (225)6 5 6 5
/ \« . */
(XXIX)
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c.F COO /rzr\
(xxvin;)+ (c^F^coo)^ -— > ^ Y  H
rt O.CO.CgF^
or CUF^COO ,___.
6 5  ^/ - - \
V/
' O.COCgF^
+ C^F^.COO"   (226)
(XXIX) + (C,F^COO)_ -- ^  X  H
' /^\=r/'o.coCgF5
A /;
F /V
(1 O'WCgFg 
+ CgF^COO' .... (227)
CUF_COO- + (XXVIII) — — >  The two isomeric diesters shown in (226) 
b 5
  (228)
C^F^.COO' + (XXIX) "-— > The two isomeric esters shown in (22?)
  (229)
(XXVIII) + (XXVIII) -— > Dimérisation and Disproportionation Products
  (230)
(XXVIII) + (XXIX)  -- >  Dimérisation and Disproportionation Products
  (231)
(XXIX) + (XXIX) -> Dimérisation and Disproportionation Products
,.... ..... (232)
C.F COO / ---
(XXVIII) + YH   ^  ^ X H /)
i'■I'' II n \
C.F^COO / ------ \  H _HT
Y + X  H A    CsfgCOO-CgHg
N
(233)
217.
c
(XXIX) + YH
H H
■HF
+ Y-
(234)
(YH - any hydroaromatic species in the system).
Following the initial homolysis of the peroxide (222), the 
pentafluorobenzoyloxy radicals either attack the fluorobenzene at the 
electron-rich 1-position to form (XXVIII) or decarboxylate to pentafluorophenyl 
radicals which also attack the 1-position leading to the entity (XXIX), 
equation (223).
/i,- complexes (XXVIII) and (XXIX) are considered to bring about 
the induced decomposition of the peroxide, equations (226) and (227).
Chain termination reactions leading to either high-boiling residue (dimérisation) 
or to simple binuclear products (disproportionation) occur via equations 
•.(230), (231) amd (232). The reactions of (XXVIII) and (XXIX) with 
hydroaromatic compounds (YH) present in the system are shown in equations 
(233) and (234)o Elimination of HF from the intermediates shown results 
in the formation of phenyl pentafluorobenzoate and 2 ,3»4,5 ,6-pentafluorobiphenyl. 
These reactions, (233) and (234) are considered to be important steps 
in the overall reaction pattern. The radicals, Y-, may dimerise, or react 
with pentafluorobenzoyloxy radicals or may conceivably cause induced 
decomposition of the peroxide.
The mono- and di-esters formed in equations (226), (227), (228),
(229) and (234) are all capable of losing HF in order to restore aromaticity
218.
thus producing compounds which may hydrolyse to pentafluorobenzoic acid
in the reaction work up. This acid may also be formed through the
reaction of pentafluorobenzoyloxy radicals with hydroaromatic species, 
C^F^oCOO. + YH >  CgF^COOH + Y» (235)
Equation (223) is much more important in this system than in the
other halogenobenzenes. Since the system displays first-order induced
kinetics, chain termination by equations (228) and (229) are thought to be 
the most important.
The formation of products such as phenyl pentafluorobenzoate and
2 ,3,4 ,5 ,6-pentafluorobiphenyl can also occur from disproportionation 
reactions such as those represented in equations (230) - (232),
(XXVIII) + (XXVIII) > C^F^oCOGC^H^ +
CgF^coo /rrr\ H
or
CUFr.COO6 5
(XXIX) + (XXIX) — — > C^F^O^H^ +
C
or
(230)
C
(232)
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4. General Conclusions.
In the mechanism of the therracil decomposition of perfluorobenzoyl 
peroxide in chloro- and bromo-benzenes it is suggested that the pentafluoro­
benzoyloxy radical is the main agent involved in the dehalogenation of 
cr-complexes. This process produces unstable hypohalite intermediates which 
are considered to react with hydroaromatic compounds to give both pentafluoro­
benzoic acid and hydrogen halide. Since benzoyl hypohalites are known species
139in other reactions, this scheme is acceptable.
In fluorobenzene, however, defluorination of a-complexes by 
pentafluorobenzoyloxy radicals is not considered since hypofluorites,
 ^  ^  ^ . j . , l4o,l4l,142,143,144,145 , .although characterised in other work, are not likely
to be feasible intermediates.
The observed kinetics and products for this reaction can however be 
explained in the postulated mechanism in which defluorination of a-complexes 
occurs through elimination of hydrogen fluoride from hydroaromatic products, 
this process invariably leading to rearomatisation of the compound concerned. 
Although hypohalites are postulated as occurring as intermediates in the 
reaction in chloro- and bromo-benzenes, it must also be mentioned that a 
mechanism analogous to that proposed for fluorobenzene could also operate 
in these two solvents. However, as the yield of pentafluorobenzoic acid is 
greater in the chloro- and bromo-benzene reactions and the yield of residue 
less than in fluorobenzene, then hypohalite formation rather than mono- or 
di- ester formation becomes more plausible.
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SECTION Go The Mechanism of the Thermal Decomposition of Benzoyl Peroxide 
in Hexafluorobenzene.
1. The Reaction Mechanism
In a similar way to that described in Section M, the value of the
function ^ has been calculated for different values of [P] as defined 
.,/ o
by e quati o n ( 159 ), ^
I.e.
K^[P]o
K[p] ° - 5  - In (1 + K[P]°‘5) . (159)
The product distribution results are reproduced in Table 20 together with
the calculated values of and ( 1 - ).
For the thermal decomposition of benzoyl peroxide in hexafluorobenzene
at 78o2°C the following rate lav/ governing the peroxide decomposition was 
observed at all values of [P] investigated:o
-d[P] = k [P] + k [P]^ "5
dt '
where k = 1.4$ x 10  ^mole lit.^°^ sec
1,5
and k^  = 1.22 x 10  ^sec ^
An estimate of the function g, the total yield of products formed 
in the chain termination reactions is also given in Table 20.
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Table _2Q
The Correlation between the Kinetics and the Products 
of the Thermal Decomposition of Benzoyl Peroxide in 
Hexafluorobenzene
Reaction Product mole/litre)
0.0297 0.0300 0.0786 0.118 0.163
Benzoic Acid (a) 0.034 0.032 0,060 0.073 0.087
2,3 ,4 ,3 ,6-pentafluo ro- 
biphenyl (b) 0.882 0.943 1.037 1.096 1.048
2,2 ’3,4,5 ,6,-hexafluoro- 
biphenyl (c) 0.037 0.066 0.082 0.103 0.093
^Residue (d) 0.340 0.482 0.363 0.296 0.273
0.882 0.836 0.817 0.791 0.764
(1 -f ) 0.118 0.144 0.183 0.209 0.236
g = £(b+c+a)+d 1.027 1.002 0.932 0.932 0.837
or g =2 (b+c-a)+d 0.993 0.971 0.892 0.839 0.800
*The residue has been calculated as a dodecafluoro derivative of
tetrahydroquaterphenyl.
The following mechanism is postulated for the thermal decomposition of 
benzoyl peroxide in hexafluorobenzene at y8o2°Cc This mechanism accounts for 
the products described in Table 20 and is also consistent with the observed 
kinetics of the thermal decomposition.
The reaction scheme is given below
  (236)
  (237)
.— ... (238)
d-complex
(CgH^COO)^
CgHjCOO-
2 CgH^COO. 
CgH^. + CO2
222.
CUHrCOO 6 5
O.CO.CgH^
F  O.CO.C.H,
+ C^H^COO. (239)
/ —
^ ^ w ° ° ^ 2  — ^ ' ^ 6 ^ 5 ' W  +
CgHgCOgH + CgH^COO. .... (240)
(XXX)
CgHg.CgFg. + CgHjCOO.
CgFj.Cgiy. H- CgH^ COO.
CôHg-Cgfg'O'GO-CgHg
CgF^ .CgH^ F + CgHj.CO^ H
(241)
(242)
C^IL.C,F,. + C^H„.C,F, . — > Combination and Disproportionation 
5 5 6 6 6 5 6 6 Products
GgF^ .CgHjF. + CgHj.CgFg.. Combination and Disproportionation 
Products
CUFr.C^HrF* + C^Fi.C^HrF. Combination and Disproportionation 
5 5 6 5 6 5 6 5 Products
(243)
(244)
(245)
H F
+ Y-
-HF
V
-HF
(246)
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The benzoyloxy radicals which are initially formed, from the homolysis 
of benzoyl peroxide, equation (236) decarboxylate to form phenyl radicals 
which add to the hexafluorobenzene nucleus to form phenyl hexafluorocyclo­
hexadienyl radicals (o’-complexes), equation (238)0
A proportion of the benzoyloxy radicals remain in the system and 
take part in several reactions» However, there is no experimental evidence 
to show that benzoyloxylation of the hexafluorobenzene molecule occurs resulting 
in the formation of benzoyloxy hexafluoroeyelohexadienyl radicals in an 
analogous way to the previously investigated diaroyl peroxide-aromatic substrate 
systemso
The phenyl hexafluorocyclohexadienyl and 1-pentafluorophenyl-2-fluoro- 
cyclohexadienyl radicals are considered to be the species which are responsible 
for the induced decomposition of the peroxide as shown in equations (239) 
and (240)o The chain termination reactions are postulated as occurring by the 
combination and disproportionation reactions represented by equations (24l), 
(242), (243), (244) and (243).
Application of the steady-state approximation to the radical intermediates 
in the reaction scheme leads to the rate equation for 1.3-order induced kinetics 
and this is consistent with the experimentally observed rate law» The rate 
constant k^  (1.22 x 10  ^sec ^), obtained from Graph 12, was in good agreement 
with the value obtained in the presence of the free-radical scavenger, 
galvinoxyl (i.e. k^  = 1,34 x 10  ^sec )^.
A small first-order induced decomposition of the peroxide was not 
envisaged as occurring at low values of [P]^ since the following reaction, 
via a hypofluorite intermediate,
CgHj.CgFg. + CgHjCOO. - ^  [CgH^CO.OF] + CgH^-CgF^
I— ^ --> CgH .COOH + HF
(hydroaromatics) ........ (24?)
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v/as considered unlikely. This would give rise to first-order induced 
kinetics. As in previous discussion?, the molar yield of each product is 
now discussed with both reference to the value of the function ^ and also 
the postulated reaction mechanism. Suggestions as to the methods of 
formation of some of the products are given.
(a) Benzoic Acid
The molar yield of benzoic acid is extremely low (O.O3-O0O9 mole/mole 
peroxide) at all values of [P]^  and is very much smaller than the value of 
(1 -j- ) indicating that benzoic acid is not produced in an induced decomposition 
of the type:
CfHL.CfF," + (C.H^COO)^ -- > [C.H^°CO.OF] + C,H=.COO.65 6 6 65 2 6 5 6 5
YH -> C^H^.COOH +
(248)
Benzoic acid can be formed as a product of reaction (242) following a 
hydrogen-fluorine interchange at the 1-position in the phenyl substituent.
H H F F
H
(XXXI)
a-complex from equation (258)
H H
©
CgH^.COO* (-H*)
+ CGH^^COzH
^5.
2,2’, 6-Hox8.fluorobiphenyl has been identified as a product
of this reaction by goloCo/mass spectrometry whose estimated yield is 
compatible at each [P]^  investigated with the amount of benzoic acid formed 
in the reaction according to equations (240) and (242) (see Table 21).
Table 21
Correlation of the Yield of 2,2',3,4,3,6-Hexafluoro- 
biphenyl with the Yield of Benzoic Acid
(molar)
0.0297
0.0300
0.0786
0.1180
0.1630
Yield (g) of
2,2\r3,4,3,6-
hexafluorobiphenyl
Theoretical yield 
of benzoic acid 
based on equation;
(240) and (2 42)
Yield (g) of
benzoic acid
0.120
0.143
0.178
0.223
0.200
0.033
0.066
0.082
0.102
0.092
0.034
0.032
0,060
0.073
0.087
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The formation of both and C^F^.C^H^F suggests that the
intermediate has a life time sufficiently long for it to exchange
hydrogen and fluorine before it is restored to full aromaticity. A similar 
interchange has been observed in the hemolytic phénylation of hexadeuterobenzene 
although here it is not so surprising since hydrogen and deuterium atoms have 
more nearly the same bond strengths and mobility than do hydrogen and fluorine 
atoms. The greater strength of the carbon-fluorine bond favours an allylic 
shift of the fluorine atom and loss of hydrogen.
The yield of benzoic acid increases slightly at high [P]^  and this increase 
is paralleled by an increase in the yield of hexafluorobiphenyl. The formation 
of benzoic acid as in equation (248)is unfavourable since this reaction 
requires fluorine abstraction from (XXXI) by a benzoyloxy radical and this
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would give rise to a transient unstable benzoyl hypofluorite intermediate.
The occurrence of reactions in this system in which fluorine atoms are 
abstracted is considered to be energetically unfavourable and elimination 
of fluorine from intermediates is postulated as occurring predominantly by 
disproportionation reactions.
The production of small quantities of benzoic acid through the 
hydrolysis of benzoyloxylated products in the reaction "work-up" must not 
however be excluded as a possible source of benzoic acid formation. Benzoate 
esters are believed to be formed in the induced decomposition, equation (259);
+ (C^H^COO)^  ---> C^H^.C^F^.O.CO.C^H^ + C^H^.COO" ...___   (259)
and can also be formed as products of the chain termination reaction, 
equation (24l).
CgH^.C^Fgo + C^H^.COO. --- > C^H^.C^F^.O.CO.C^H^ ........ (24l)
(b) Benzene
High sensitivity gas chromatography has shown that benzene is a product
of the thermal decomposition of benzoyl peroxide in hexafluorobenzene at all
21values of [P]^ . Claret has previously reported the same observation and 
has also observed that substituted arenes are formed following the thermal 
decomposition of substituted benzoyl peroxide in hexafluorobenzene.
[e.g. bis(m-methyl benzoyl)peroxide gives toluene].
Benzene is probably formed as a result of hydrogen abstraction by 
phenyl radicals from the hydroaromatic species which are present in the 
system. It is also feasible that benzene can arise threnigh hydrogen abstraction 
by phenyl radicals from intermediate (XXXI) and helps to explain the 
discrepancy between the calculated and experimental yields of benzoic acid 
shown in Table 21.
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The fact that phenyl radicals are able to show slight specificity in 
an hydrogen-abstraction reaction of this type indicates that the hexafluorobenzene 
nucleus must be deactivated towards horaolytic phénylation. The formaition of 
arenes as products of the thermal decomposition of diaroyl peroxides in aromatic 
solvents has not been previously reported.
Fluorine abstraction by phenyl radicals from intermediates (XXXI) 
does not occur since fluorobenzene was not a reaction product.
(c) 2 ,1,4,5 ,6,-Pentafluorobiphenyl
The molar yield of 2 ,3i4,5,6-pentafluorobiphenyl is found to exceed 
(1-^ ) at all values of [P]^ so that this compound is formed almost entirely 
in termination reactions such as (2 9^)°
Dimérisation
i
(249)
The molar yield of the pentafluorobiphenyl at a particular value of 
[P]^  is dependent on the method of isolation and experiments showing the variation
in yield with the conditions of distillation are given in Table 1. Oldham,
22Williams and Wilson have suggested that dimérisation of (XXXIl) 
leads to the formation of a dodecafluorinated residue (XXXIII) and this is 
the predominant chain termination reaction. However, pyrolysis of this residue 
(XXXIII) leads to the formation of 2,3,4,5,6-pentafluorobiphenyl. This series 
of reactions can be represented in the following way:
F F
(XXXII)
(XXXIII)
Pyrolysis
+ disproportionation products
  (250)
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The above reaction sequence is represented overall by equation (2^ 5)»
On heating the reaction residue the yield of the pentafluorobiphenyl 
increases while that of the residue decreases; thus supporting the above 
schemeo
In order that accurate and reliable molar yields could be obtained for
2,3,4,5,6-pentafluorobiphenyl, at each [P]^  investigated^ the analysis was 
carried out using both quantitative gas and column chromatography. In this way, 
separation of this compound from the isolated product mixture by vacuum 
distillation was avoided. Agreement between the molar yields of pentafluoro­
biphenyl obtained by these tv;o methods was usually better than - 4^ .
The yield of pentafluorobiphenyl increases slightly towards higher [P]^  
while the yield of residue decreases. This observation is both consistent with 
the proposed reaction scheme and also with the fact that the yield of a 
product formed in a termination reaction tends to decrease towards higher [P]^ . 
On the other hand the yield of a product formed in a propagation reaction 
increases towards higher [P]^ which suggests that some pentafluorobiphenyl is 
formed in these reactions. The cr-complex (XXXIl) is envisaged as being the 
species responsible for the induced decomposition of the peroxide and the 
formation of pentafluorobiphenyl from the induced decomposition is considered 
unlike]_y since this would involve the formation of a transient hypo fluorite 
intermediate.
F F
/' . -\ F + (CgHjCOO)^  y  CgHjCOO.
F F 
(XXXII)
+ [CgH^.CO.OF]
(251)
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The benzoyloxy radical may possibly assist in the removal of a 
fluorine atom from (XXXII) but this defluorination mechanism is not 
substantiated»
Equation (250) appears to be the most feasible scheme for the formation 
of pentafluorobiphenyl in this reaction» The biaryl forms as a result of the 
disproportionation of the residue which is considered to be the dimer of 
(XXXII).
In equation (249), was not positively identified as a reaction
product although a small peak due to an uiiknown compound frequently appeared 
on the gas chromatograms near the main pentafluorobiphenyl peak. Attempts 
to isolate and identify this product were unsuccessful. The molar yield of 
the unknown compound was extremely small which suggests that either equation 
(249) is not the predominant disproportionation reaction or that C^H^.C^F^ 
is a reactive diene which is capable of further reaction giving more tarry 
residue.
Since hydroaromatic compounds, YH, are also formed in the reaction then 
the reaction of (XXXII) with these species to form 2,5,4,5,6-pentafluorobiphenyl
must be included in the reaction sequence, equation (246).
F F
(XXXII) + Ï H ------>  ! ) — X  +  ï-
F 1 = : /  Hy/O:F F
or
(XXXIV)
(246)
H F
Compounds such as (XXXIV) are capable of eliminating hydrogen fluoride to 
form 2,,-5,i4,5,6-pentafluorobiphenyl. Calculations, based on various structures 
for the reaction residues, have shov/n that for each [P]^ investigated there 
were sufficient hydroaromatic species present in the resdue to account of the 
majority of the 2,5,4,5,6-pentafluorobiphenyl formed as indicated in eqn.(246).
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It is very significant that in the thermal decomposition of 
perfluorobenzoyl peroxide in hexafluorobenzene ( a system containing no 
hydrogen-containing compounds), as reported by Oldham and Williams, there is 
a very small yield of decafluorobiphenyl while the major product is an oily 
high-boiling residue. This suggestes that hydrogen containing compounds, 
such as YH, are very important in determining the nature of the products 
formed in free radical reactions in this and in other perfluorinated aromatic 
solvents.
(d) 2,2',5,4,5,6-Hexafluorobiphenyl
This biaryl is formed in small yields by hydrogen-abstraction from the 
O-complex (XXXI) following hydrogen and fluorine interchange at the 1-position 
in the phenyl substituent. (See (a) Benzoic Acid). Both the benzoyloxy and 
the phenyl radicals are considered to be the entities which bring about the 
hydrogen abstraction. Since hydrogen and fluorine interchange can occur to a 
limited extent, (XXXI) must be a fairly stable entity as compared to previously 
discussed O-complexes.
(e) Pentafluorophenyl benzoate
Pentafluorophenyl benzoate was not detected as a product of this reaction. 
Hexafluorobenzene therefore appears to be deactivated towards substitution by 
benzoyloxy radicals. The formation of a a-complex (XXXV) (equation 252) 
and its subsequent participation in the induced decomposition of benzoyl 
peroxide (equation 255) is not considered to occur.
C^H^.COO* +  > C^H^.COO.C^F^"   (252)
(XXXV)
(XXXV) +(C^H^C00)2 Products ....... (255)
Simple esters were not formed as reaction products although the infrared 
spectra of the residue showed the presence of carbonyl groups. The stability 
of the benzoyloxy radical in hexafluorobenzene will be discussed later.
F F
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( f ) Be^idue
A large quantity of high-boiling residue (0,27-0.54 mole/mole of 
peroxide) was formed in the reaction. The yield decreased with increasing
[F.i and this observation was consistent with its formation in a chaino
termination reaction. The residue was considered to consist mainly of the 
flucrinated quaterphenyl derivative (XXXIII) which is formed by the 
dimérisation of the a-complex (XXXII), together with lower fluorinated analogues,
Ocgo (XXXVI). F F  F F  F F
■ -  <Q>-OO o^>
F F  F F  ......  (254)
(XXXIII)
F F
(XXXVI) = / ^  W  / \ / _ v 4
Infrared spectroscopy, microanalyses and molecular weight determinations 
supported the above scheme although the residue was also found to contain ester 
groups.
The yield of (XXXIII) is expected to decrease at higher [P]^  since a higher 
proportion of a-complexes are involved in the induced decomposition of the 
peroxide in this concentration range compared to lower [P]^ .
2. Correlation Between Kinetics and Products
The study of the kinetics of the thermal decomposition of benzoyl 
peroxide in hexafluorobenzene at 78.2^0 has revealed that the primary 
unimolecular thermal homolysis is largely responsible for the decomposition.
Over 88^ of the peroxide decomposes by this mechanism at lower [P]^  (O.O3 Molar) 
and this decreases to around 78?j towards higher [P]^ (l::^ 0.17 Molar).
The induced decomposition, which is postulated as being brought about by 
a-complex (XXXII), has been shown to be far less important in this system 
than in the thermal decomposition of perfluorobenzoyl peroxide in benzene in
which i t  was the ms jo r  pathway fo r  the peroxide decomposition. Only 12^
o f the peroxide decomposes by the induced mechanism a t low [P ]^ ( 0.03 Molar) and
and increases to 2k% a t the h igher values o f [P ]^ ( iz ' 0.17 M olar).
The ra te  expression governing the thermal decomposition o f benzoyl
peroxide in  hexafluorobenzene contains a 1 .5-order term fo r  the induced
decomposition and th is  is  consistent w ith  the quan tity  o f h ig h -b o ilin g
residue formed in  th is  reac tion  through the d im érisa tion  o f o-complexes (XXXII) .
Since (XXXII) is  considered to be o f greater lo n g e v ity  than prev ious ly
discussed a-complexes, th is  re s u lts  in  h igher s ta tio n a ry  concentrations
o f these species a t a l l  values o f [P ] .o
However (XXXIl) appears to be ra the r re lu c ta n t to take p a rt in  the
induced decomposition o f the peroxide as is  ind ica ted  by the snail ra te
constant (k = 1.43 x 10 ^ mole l i t ^ “^ sec ^) obtained fo r  th is  reac tion .
1.5
This na tu ra l re luctance on the p a rt o f the a-complex to a ttack the peroxide 
has the e ffe c t o f ensuring th a t more a-complexes are ava ilab le  fo r  d im érisa tion  
in  the chain te rm ina tion  reactions.
A comparison o f the functions f  and g has been made fo r  the rea c tion .
( g being a summation o f the molar y ie ld s  o f the products formed in  the chain 
te rm ina tion  re a c tio n s ). Since benzoic acid , 2 ,3?4 ,5 ,6-pentafluorobiphenyl 
and 2 ,2 ’ ,3 ,4 ,5 ,6 -hexafluorobiphenyl contain only one phenyl group derived 
from the peroxide, th e ir  y ie ld s  must be halved in  the to ta l summation g.
However, the molar y ie ld  o f the residue must be included since i t  
contains two phenyl groups derived from the peroxide. From Table 20 ,^  
and g are seen to d i f fe r  s l ig h t ly  over the whole range o f [P ]^ investiga ted  
although the values ca lcu la ted are o f the same order o f magnitude.
In  the ca lcu la tio n  o f g i t  has been assumed th a t both benzoic acid 
and 2 ,3 ,4 ,5 ,6 -pen ta fluo rob ipheny l are formed so le ly  through te rm ina tion  
reac tions . I f ,  however, allowance is  made fo r  the form ation o f these products
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in  the induced decomposition then b e tte r agreement is  achieved (shown in
parentheses below Table 20). The values c f  and g are seen to get
p rogress ive ly  c loser as [PJ is  increased. At [P ] = 0.163 Molar, goodo o
agreement is  achieved in d ic a tin g  th a t the proposed mechanism accounts w e ll 
fo r  the observed product d is t r ib u t io n  in  th is  region.
3 . The E ffe c t o f Oxygen, Fe r r ic  Sa lts  and Nitrobenzene on the Benzoyl  
Perox id e-Hexafluorobenzene Reaction
Although these a d d itive s  exert a profound e ffe c t on the y ie ld s  o f 
benzoic acid and biphenyl fo r  the thermal decomposition o f benzoyl peroxide 
in  benzene and in  other hydroaromatic so lvents, no such e ffe c t is  observed 
fo r  the benzoyl peroxide-hexafluorobenzone reac tion . An explanation o f these 
anomalies is  now given. Since benzoic acid is  not a major product o f th is  
reac tion , only 2 ,3 ,4 ,5 ,6 -pen ta fluo rob ipheny l w i l l  be discussed.
(a) Oxygen
The e ffe c t o f oxygen on the benzoyl peroxide-benzene reaction  is  to 
ox id ise  both the phenylcyclohexadienyl ra d ica ls  and 1,2- and 1 ,4 -dihydrobiphenyl 
to b iphenyl.
i . e .  [PhPhHjo + 0^  > Ph.Ph . . . . . . . .  (255)
Ph.PhH^ + 0 ^ -----> Ph.Ph . . . . . . . .  (256)
These reactions depend on the removal o f hydrogen by oxygen from the 
interm ediates. In  the benzoyl peroxide-hexafluorobenzene reaction  the 
analogous interm ediates to those shown in  equations (255) and (25&) contain 
f lu o r in e  a t the reac tive  cen tres :- 
[CgEg.CgFg]. and CgH^.CgF^
Oxygen would not be expected to a ss is t in  the removal o f f lu o r in e  from 
these species since such processes are considered to be e n e rg e tica lly  unfavourable,
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(b) F e rrie  sa lts
The mechanism proposed by D aily  and W illiam s fo r  the ac tion  o f fe r r ic  
s a lts  on the thermal decomposition o f benzoyl peroxide in  benzene (see 
Section D9) again invo lves the ox ida tion  o f phenyl cyclohexadienyl ra d ica ls  
by fe r r ic  ion to b iphen y l.
Since the analogous interm ediate in  the benzoyl peroxide-hexafluoro­
benzene contains a flu o r in e  atom a t the reac tive  centre, then the fe r r ic  
ion cannot be expected to remove i t  in  order to form a fluoronium ion , 1 .
Iron  flu o r id e s  are fe a s ib le  interm ediates but again the C-F bond strength  is
considered to be too great to a llow  fa c ile  removal o f a f lu o r in e  atom by 
a fe r r ic  ion .
(c) Nitro-compounds
The mechanism o f the ’’n it ro -e f fe c t"  proposed by Chalfont, Hey, Liang 
and Perkins (1971) fo r  the benzoyl peroxide-benzene reaction  invo lves the 
removal o f a hydrogen atom from the phenyl cyclohexadienyl ra d ica l by 
diphenyl n itro x id e  in  order to form biphenyl and diphenylhydroxylamine
[Ph.PhHjo -t- Ph^ NOo -----^  Ph.Ph + Ph^ NOH . . . . . . . .  (237)
In  the benzoyl peroxide-hexafluorobenzene reac tion , diphenyl n itro x id e  
is  not expected to remove a f lu o r in e  atom from the phenyl hexafluorocyclo­
hexadienyl ra d ica l in  order to form 2 ,3 ,4 ,3 ,6-pentafluorobiphenyl and Ph^NOF. 
Removal o f a f lu o r in e  atom from th is  a-complex by diphenyl n itro x id e  is
e n e rg e tica lly  unfavourable and would give r is e  to  the u n lik e ly  compound
Ph^NOF.
i . e .  Ph.C^F^' + Ph^NO' ^  Ph.C^F^ + Ph^NOF . . . . . . . .  (238)
In  consequence, nitrobenzene and nitro-compounds in  general are not 
expected to show observable e ffe c ts  on the y ie ld s  o f products formed in  the 
benzoyl peroxide-hexafluorobenzene reac tion .
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4. The Nature o f the Peroxide Decomposition Mechanism
(a) Unimolecular primary d isso c ia tion
In  an analogous way to th a t postu la ted fo r  the perfluorobenzoyl 
peroxide-benzene reac tion , i t  is  suggested th a t m-complexing o f a s im ila r  
type is  expected to occur between benzoyl peroxide and hexafluorobenzene.
This Ti-complexing is postulated as having an opposite effect on the rate of the 
unimolecular primary dissociation of benzoyl peroxide to that observed for 
the perfluorobenzoyl peroxiderbenzene system.
The powerful inductive  (-1 ) e ffe c ts  o f the m-complexed hexafluorobenzene 
molecules lower the e lec tron  density in  the phenyl groups o f benzoyl peroxide 
and thereby reduce any d ipo le  in te ra c tio n  across the peroxy bond (XXXVII).
<------- U  4 -------
0
F -F
(XXXVII)
This is  in  con trast to the perfluorobenzoyl peroxide-benzene system 
where the e le c tro n -r ic h  benzene molecules lead to an accentuation o f the 
d ipo le  in te ra c tio n  across the peroxy bond and in  so doing fa c i l i ta te  the 
prim ary unimolecular d isso c ia tio n  o f the peroxide, although they serve 
to s ta b ilis e  the re s u lt in g  pentafluorobenzoyloxy radicals»
In  the benzoyl peroxide-hexafluorobenzene reac tion , the ti; -complex 
form ation is  expected to lead to a reduction in  the ra te  o f the primary 
unimolecular d isso c ia tio n  and to a subsequent increase in  the ra te  o f 
decarboxylation o f the re s u lt in g  benzoyloxy ra d ic a ls .
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The ultraviolet spectroscopic evidence for the existence of 7i-complexing 
in this reaction was not forthcoming due to experimental difficulties.
However, the kinetic investigations verified the above predictions. The 
first-order rate constant for the primary unimolecular dissociation was smaller 
than that for the corresponding decomposition in benzene, 
i.e. = 1.22 x 10  ^sec \  (Extrapolated from Graph 12).
and = 1.34 X 10  ^sec \  (In the presence of galvinoxyl)
[k^  = 1.66 X 10  ^sec \  Gill and Williams value for benzoyl peroxide in benzene]
The absence of pentafluorophenyl benzoate as a product of this reaction 
together with the very low yields of benzoic acid and the high yields of
2,3,4,5,6-pentafluorobiphenyl indicate that the majority of the benzoyloxy 
radicals undergo decarboxylation. However, infrared spectral evidence shows 
that the high-boiling residue contains some benzoate groups.
(b) The induced decomposition
Benzoyl peroxide has a strong tendency to be an acceptor component in 
electron-transfer processes through the aid of its carbonyl groups. The 
carbonyl oxygens in benzoyl peroxide are expected to be more electronegative 
than the corresponding oxygen,atoms in perfluorobenzoyl peroxide and this may 
discourage radicaT attack at these atoms. However, since m-complexed 
hexafluorobenzene molecules are postulated as being present on the phenyl groups 
of benzoyl peroxide in hexafluorobenzene, then the overall (-1) inductive 
effect which these molecules exert on the phenyl groups might be expected 
to render the carbonyl oxygens of benzoyl peroxide slightly electropositive, 
thus encouraging induced decomposition.
The rate of the induced decomposition was found to be very small and the 
explanation of this anomaly might possibly be due to the fact that the presence 
of a highly electronegative fluorine atom near the reactive site in the
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attacking cr-complex causes unfavourable electronic interaction near the 
similarly electronegative oxygen atom of the peroxide carbonyl group 
although benzoate esters of the a-complex (XXXII) are thought to be reaction 
products.
Since the a-complex (XXXIl) has been postulated as being a fairly long- 
lived intermediate by most free-radical standards, then theirpreferred reaction 
is dimérisation rather than subsequent attack on the peroxide.
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SECTION P. The Thermal Decomposition of Diaroyl Peroxides in 
Perfluoroalicyclic Solvents 
The object of this work was to attempt to find a solvent or group of 
solvents which are inert to free-radical attack. For the reasons previously 
given in Section E, the perfluoroalicyclic series of compounds were 
investigated since fluorine abstraction by aryl radicals has not been
19observed in perfluorinated solvents although homolytic arylation can occur 
Both benzoyl and perfluorobenzoyl peroxide were allowed to^thermally 
d: ce in each of the solvents over a 72 hour period. Detailed analyses 
of the products of the peroxide decompositions after this time showed that 
no fluorine abstraction reactions by either phenyl or pentafluorophenyl radicals 
had occurred. The reaction solutions were found to contain very an all yields 
of dimérisation products, which were derived directly from the peroxide, 
together with quantities of high-boiling residue.
In addition all the benzoyl peroxide reactions produced small yields 
of benzoic acid.
1. The Thermal Decomposition of Benzoyl Peroxide in Perfluoroalicyclic 
Solvents
The thermal decomposition of benzoyl peroxide in perflupromethylcyclo- 
hexane, perfluoro-1,5”dimethylcyclohexane, perfluorodecalin {73% trans :
23% cis) and perfluoro-1-methyldecalin produced very small yields of biphenyl, 
phenyl benzoate and the isomeric terphenyls.
The reactions which are considered to be responsible for the 
formation of these products are:-
 > CGH^.CcH^   (259)
" + C^H^COO"— > .COOC^H^ ........ (260)
v/hile terphenyl formation occurs through further phénylation of biphenyl, 
equation (26l).
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 ^   (261)
(XXXVIII)
Restoration of aromaticity to the a-complex (XXXVIII) occurs through 
the abstraction of a hydrogen atom by a benzoyloxy radical, equation (262), 
since benzoic acid is formed as a product in all the benzoyl peroxide- 
perfluoroalicyclic solvent systems.
(XXXVIII) + C^H^oCOO" --- > C^H^CO^H + terphenyl ........ (262)
Since the yield of benzoic acid is in excess of the detectable yield 
of the isomeric terphenyls, then it is likely that some benzoic acid is formed 
as a result of the abstraction of hydrogen atoms by benzoyloxy radicals from 
the hydroaromatic products present in the high-boiling residue.
The solubility of benzoyl peroxide in all the investigated solvents 
was very low (Cf 0.020 Molar).
None of the isolated or detected products of the benzoyl peroxide reaction 
contained fluorine. The abstraction of fluorine by phenyl radicals did not 
occur since fluorobenzene was not detected by high sensitivity gas chromatography, 
The microanalyses of the high-boiling residue showed that it contained only 
carbon, hydrogen and oxygen.
2. The Thermal Decomposition of Perfluorobenzoyl Peroxide in
Per fl UP real icy die Solvents
The thermal decomposition of perfluorobenzoyl peroxide in the 
perfluoroalicyclic solvents produced small yields of decafluorobiphenyl and 
pentafluorophenyl pentafluorobenzoate together with large quantities of pale 
yellow amorphous residues. Both decafluorobiphenyl and pentafluorophenyl
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pentafluorobenzoate were formed as a result of the combination of 
pentafluorophenyl and pentafluorobenzoyloxy radicals derived from the 
peroxide, equations (263) and (264)„
Cffs" + ........ (263)
C.FL. + C.l' COO. --- > C.l' CO.OC.F^   ... (264)6 5  6 3  6 5  6 5
Since the system contained no hydrogen containing compounds, pentafluoro- 
benzoic acid was not a product nor a detected product due to the presence of 
hydrogen containing solvent impurities.
The pale yellow amorphous residues were formed as a result of the 
multiple pentafluorophenylation of the reaction residues, Microanalytical 
analyses (carbon and fluorine) showed that solvent molecules were not involved 
in the formation of the residue since the overall fluorine analyses were 
too lowo
Perfluorobenzoyl peroxide was soluble in all the investigated solvents 
and the solubility ranged from 124 g/litre (O.3O Molar) for perfluoromethyl- 
cyclohexane to 473 g/litre (1,12 Molar) for perfluoromethyl decalin. This was 
in distinct contrast to benzoyl peroxide,
Perfluorinated terphenyls were.not identified as products of the thermal 
decomposition of perfluorobenzoyl peroxide in these solvents although 
pentafluorophenylation of decafluorobiphenyl is likely. This is to be expected 
since the b-complex (XXXIX) formed by this arylation reaction, equation (265) 
will not lose fluorine readily in order to rearomatise. The abstraction of 
fluorine by benzoyloxy radicals is not expected since this is unfavourable and 
leads to the formation of unlikely hypofluorite intermediates,
C.fL- + C.ÏL.CfFr ........ (265)
6 5 6 5 6 5
%
(XXXIX)
F F
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Instead the predominant reaction of (XXXIX) will be dimérisation 
to form derivatives of perfluoropolyarylso The infrared spectra of the 
residues bore resemblances to those of the isomeric perfluoropolyaryls and 
also showed the presence of carbonyl groups,
3, Conclusions
Experimental evidence indicates that the perfluoroalicyclic solvents
are inert to free radical attack. However, they exhibit several distinct
drawbacks which might restrict their use as solvents for free radical
reactions. In the first place they appear in general to be poor solvents
for most diaroyl peroxides although perfluorobenzoyl peroxide is an
exception. These solvents are immiscible with most organic solvents
although they are partially miscible with compounds such as perfluoroethylene
and hexafluorobenzene. The use of cumene as a ’’radical trap” for these
reactions was not possible due to solvent immiscibility, Hov/ever, the use
as ’’radical traps” of C^F ,GH, and CUFL.CH(CH_)_ should overcome this0 3 3  o 3 3 2
problem since these compounds possess a-hydrogen atoms and will be soluble 
in these solvents.
The limited miscibility with organic solvents such as alcohols and 
ketones may cause analytical problems in peroxide estimation if these 
solvents are used in the kinetic studies of the thermal, decomposition of 
diaroyl peroxides.
Although perfluoroalicyclic solvents appear to present problems due 
to their variable solvent properties, their use as ’’inert” solvents for 
free radical reactions certainly merits further investigation.
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